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PROTEIN-1 
O 
O2- - Superoxide radical 
ORCs- ORIGIN RECOGNITION 
COMPLEX 
ORIs- Origin of replication 
P 
PBS- Phosphate buffered saline 
PBST- Phosphate buffered saline with 
Tween-20 
PCNA- PROLIFERATING CELL 
NUCLEAR ANTIGEN 




PTMs- Post-translational modifications 
PLT- PLETHORA 
PMSF- Phenylmethylsulfonyl fluoride 
PRC2- Polycomb Repressive Complex 2 




qPCR- Real time quantitative PCR 
QC- Quiescent center 
R 
R-arginine 
RAM- the root apical meristem 
RFC- REPLICATION FACTOR C 
RNA- Ribonucleic acid 
ROI- Regions of interest 
ROS- Reactive oxygen species 
RPA- REPLICATION PROTEIN A 
Rpm- revolutions per minute 
RT_PCR- Reverse Transcriptase PCR 
RT- Room Temperature 
S 
S-Serine 
S-phase- DNA synthesis phase 
SCR- SCARECROW 
SDS- sodium dodecyl sulfate 
SDS-PAGE- sodium dodecyl sulfate–
polyacrylamide gel electrophoresis 
SHR- SHORTROOT 
SHY2- SHORT HYPOCOTYL2 
SIM- SIAMESE 
SMR- SIAMESE-RELATED 




T-DNA- Transfer DNA 
TE- Tris-EDTA 
TEs- transposable elements 
TF- Transcription factors 
TSS- Transcription Start Site 




















Chromatin organization and function are essential for development and growth of all 
organisms as well as for their response to environmental challenges. Histones are key to channel 
intra- and extracellular signals and modulate chromatin dynamics, ultimately influencing genome 
functions. This is primarily achieved by post-translational modifications of histones and the 
exchange of canonical by variant histones. Here, we have sought to define the role of Arabidopsis 
thaliana HTR6, a histone H3 variant of unknown function.  
We found that HTR6 expression is induced in plants exposed to abscisic acid (ABA), a 
hormone that is highly involved in several types of abiotic stresses, such as to high salt. A 
spatiotemporal expression analysis in ABA-treated roots unveiled that HTR6 is expressed in the 
transition/elongation zone, where cells switch from the mitotic cell cycle to the endocycle and 
increase their nuclear ploidy. HTR6 expression is largely excluded from the root apical meristem 
as well as also from the differentiated zone. Moreover, HTR6 expression is confined to external 
cell layers, such as epidermis and cortex. At the cellular level, we found that HTR6 is mainly 
expressed during the S-phase in endocycling cells. Interestingly, its incorporation into chromatin 
relies on the HIRA and DEK3 chaperones and is independent of CAF-1. Consistent with this, 
HTR6 is a euchromatic histone deposited in a DNA replication-independent manner.  
This is a feature shared with the histone H3.3 variant. However, HTR6 possesses unique amino 
acid residues, with F41 being a striking one because it is shared with the canonical H3.1. We 
found that F41 residue is important to increase HTR6 turnover, as revealed by the increased 
amount of HTR6 carrying a F41Y mutation. This is similar to the role of the F41 of H3.1 in 
euchromatic regions. Other changes in the C-terminal region of HTR6 to the amino acids present 
in H3.3, such as N63I, V124I or A132G, are sufficient to increase HTR6 accumulation. In 
particular, the A132 residue of HTR6 seems important for the proteasome-mediated degradation 
of HTR6 beyond the transition zone.  
HTR6 plays a crucial role in restricting growth in response to ABA and salt, as demonstrated 
by the larger root length, root apical meristem and higher cortical cell number of the htr6-1 loss 
of function seedlings. Since the ploidy level of htr6-1 root nuclei remains unaffected, HTR6 might 
play a role in controlling the boundary between the root apical meristem and the transition/ 
elongation zone in response to stress. Furthermore, our transcriptomic analysis showed that the 
genes that failed to be activated in the htr6-1 mutant early after ABA treatment (10 minutes), are 
involved in cell wall biogenesis genes and lipid metabolism, and encode members of the TCP 
family of transcription factors. Furthermore, several LEA family genes failed to be downregulated 
in the htr6-1 mutant.  
Together, our studies have uncovered a key role of HTR6, a previously uncharacterized histone 







La organización y la función de la cromatina son esenciales para el crecimiento y desarrollo 
de los organismos, y para su respuesta a cambios ambientales. Las histonas canalizan las señales 
intra y extracelulares para modular la dinámica de la cromatina y las funciones del genoma. Esto 
se consigue principalmente mediante modificaciones post-traduccionales de las histonas y la 
sustitución de las formas canónicas por sus variantes. En este trabajo hemos querido definir el 
papel de HTR6, una variante de la H3 de Arabidopsis thaliana de función desconocida. 
La expresión de HTR6 se induce tras exposición a ácido abscísico (ABA), una hormona 
involucrada en respuesta a estrés abiótico. El análisis espacio-temporal en raíces tratadas con 
ABA reveló que HTR6 se expresa entre las zonas de transición y elongación, donde las células 
inician los ciclos de endorreplicación e incrementan la ploidía. No se ha detectado expresión de 
HTR6 ni en el meristemo apical de la raíz ni en la zona de diferenciación. Asimismo, la expresión 
de HTR6 está restringida a las capas celulares externas (epidermis y córtex). A nivel celular, 
HTR6 se expresa durante la fase S de células en endorreplicación. Su incorporación a cromatina 
depende de las chaperonas HIRA y DEK3, siendo independiente de CAF-1. Así, HTR6 es una 
histona presente en eucromatina, depositada de manera independiente a la replicación del ADN.  
Esta es una característica compartida con la variante H3.3. Sin embargo, HTR6 posee 
aminoácidos específicos, siendo F41 de los más interesantes ya que se encuentra en H3.1. F41 es 
importante para su eliminación del nucleosoma, ya que la mutación F41Y aumenta su 
permanencia en cromatina, de manera similar a la función de F41 de H3.1 en eucromatina. Otros 
cambios en la región C-terminal de HTR6 a los presentes en H3.3, como N63I, V124I o A132G, 
son suficientes para incrementar la acumulación de HTR6. El residuo A132 de HTR6 parece tener 
un papel en la degradación de HTR6 por el proteasoma una vez pasada de la zona de transición. 
HTR6 es crucial para restringir el crecimiento de la planta en respuesta a ABA y sal, como 
demuestra la mayor longitud de la raíz y de su meristemo apical y por el mayor número de células 
corticales en plántulas mutantes con pérdida de función en htr6-1. Dado que la ploidía nuclear en 
raíces de htr6-1 no está afectada, HTR6 podría desempeñar un papel en el establecimiento de los 
límites entre el meristemo apical de la raíz y la zona de transición/elongación en situaciones de 
estrés. Además, nuestros análisis transcriptómicos mostraron que entre los genes que el mutante 
htr6-1 es incapaz de activar en respuesta a ABA (10 minutos), se encuentran genes implicados en 
la biogénesis de la pared celular y del metabolismo lipídico, y genes que codifican algunos 
factores de transcripción de la familia TCP.  Igualmente, varios miembros de la familia LEA han 
perdido la regulación negativa en el mutante htr6-1. 
En conjunto, nuestro estudio ha puesto de manifiesto un papel importante de la histona HTR6, 
una variante de la histona H3 de función desconocida hasta ahora, en la respuesta temprana a 













Developmental processes are fundamental for multicellular organism to reach its full maturity. 
Formation of distinct tissues and organs is dependent on cell growth, proliferation and 
differentiation and those developmental programs have evolved as a result of the interplay 
between genetically inherited instructions and the influence of external environmental factors. 
Epigenetic events are also key players in these interactions and can modulate genome function in 
a heritable way without changes in the DNA sequence. Therefore, understanding how 
environmental clues influence genome function and dynamics through epigenetic events is of 
primary importance.  Due to the fact that plants are immobile organisms, they have to cope with 
any external adversity that arises, which makes them exceptional models to study how organisms 
tolerate and respond to environmental variations.  
1.1  Arabidopsis thaliana as a model 
Arabidopsis thaliana is a small flowering plant that is widely distributed around the world, with 
a major presence in Europe (Fig. 1). Arabidopsis was discovered in 
Germany, in the XVIth century, by Johannes Thal. In the laboratory, 
Arabidopsis is one of the most used models in research as it allows 
combining genetics, genomics, cellular and molecular approaches. 
From a basic research point of view, Arabidopsis offers many 
advantages: 
 Arabidopsis genome (125Mb) comprises 5 chromosomes 
extensively mapped after having been sequenced in 2000.  
 Its life cycle is fast, allowing researchers to obtain a numerous progeny in 6 weeks.  
 The methods to transform Arabidopsis, by Agrobacterium tumefaciens, are efficient, 
quick and easy.  
 It is also a great model to generate and select mutants, including many genes that are 
viable in Arabidopsis but not in other organisms. Furthermore, there are various stock 
centers that distribute mutant lines to the scientific community.  
 The resources used to grow plants are economically sustainable since the requirements 
are only water, air, light, and a few minerals.  
 
1.2  The root  
One vital function of the root is the uptake of nutrients and water to the plant as well as to provide 
structural support to the aerial part The past 30 years’ studies performed in Arabidopsis have 
highlighted the importance of roots as an excellent organ to study growth and development.  
 
Figure 1. Image depicting 






1.2.1 Structure and organization 
Organogenesis in plants is a postembryonic process and the well-organized structure of the root 
allows effortless distinction of the different tissues, cell types and developmental stages (Petricka 
et al., 2014). The Arabidopsis root is formed by concentric cell layers that form functional tissues 
(Du and Scheres, 2018). The fate of the distinct cell types and tissue layers is acquired in the root 
apical meristem (RAM) from a subset of initial cells, stem cells, which provide the basis for 
growth, regeneration, and development of the root. In the RAM, stem cells are surrounding the 
quiescent center (QC) cells that play crucial functions in maintaining stem cell identity by 
preventing stem cells to differentiate (van den Berg et al., 1997) (Fig. 2).  
The orchestration of root organogenesis is primarily mediated by transcription factors regulated 
by phytohormones (Drisch and Stahl, 2015). Specifically, homeodomain containing WUSCHEL-
RELATED HOMEOBOX5 (WOX5) is considered one of the central transcription factors 
implicated in QC cell fate maintenance by negatively regulating promoters of cell division and 
proliferation genes like CYCD3;3 and CDF4 (Heyman et al., 2013; Forzani et al., 2014; Kong et 
al., 2015; Drisch and Stahl, 2015). Other family of transcription factors, AP2-domain 
PLETHORA (PLT), also act as regulators of QC identity and stem cell activity in embryonic and 
adult meristem. PLT proteins display gradient distributions obeying auxin patterns, where the 
PTL levels are higher at the stem cell niche and decrease as the cells become differentiated (Aida 
et al., 2004; Galinha et al., 2007). Thus, PTLs control meristem size by coordinating cell division 
and differentiation (Mahonen et al., 2014; Blilou et al., 2005; Petersson et al., 2009).  
Stem cells below the QC produce the columella root cap while epidermis and lateral root cap are 
derived from lateral stem cells (Fig. 2). Together, columella, lateral root cap and epidermis 
constitute the external surface that primarily protect the root from environmental adversities 
(Jalean et al., 2014). Columella cells also function in gravity sensing. Columella stem cells are 
maintained by CLE40-ACR4/CLV1 pathway that negatively regulate WOX5 in the root apical 
meristem which is essential to restrict WOX5 expression to the QC (Stahl et al., 2009; Kong et 
al., 2015). Epidermis cells encompass two types of cells, atrichoblast and trichoblasts. 
Trichoblasts cells undergo changes in plasma membrane and cell wall to produce root hairs in the 
elongation zone of the root (Baluška et al., 2000). The root hairs are crucial for water and nutrients 
absorption and attachment of the plant to the soil (Ryan et al., 2001).  
Other stem cells denominated cortex/endodermal initial cells (CEI) and subsequent CEI daughter 
cells (CEID) are generating endodermal and cortex precursors (Petricka et al., 2014) (Fig. 2). This 
sequential asymmetric division required for cortex and endodermis formation is dependent on the 
GRAS-transcription factors SHORTROOT (SHR) and SCARECROW (SCR) function (Sabatini 
et al., 2003). SHR activates the expression of SCR in CEI cells and together activate CYCD6;1 
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Figure 2. Root organization and stem 
cell niche. The various root tissues are 
represented on the left in different color 
codes; Columella: brown; Lateral root 
cap: light purple; Epidermis: dark pink; 
Cortex: yellow; Endodermis: blue; 
Stele: pink. The QC cells and stem cells 
(stem cell niche) are shown on the right 
in distinct colors, depicting also the 
possible differentiation pathways 
undertaken by each cell type that 
originates from the QC; QC cells: Light 
grey; Columella initials: dark brown; 
Lateral root cap and epidermis initials: 
purple; CEI: green; vascular initials: 
Maroon (Rahni et al., 2016). 
that consequently promotes the activation of cell cycle genes (Sozzani et al., 2010). Curiously, 
WOX5 expression also requires SHR and SCR (Sarkar et al., 2007) and it was demonstrated that 
SHR/SCR, in parallel with PLT, act to sustain QC identity and stem cell homeostasis in the 
Arabidopsis root (Aida et al., 2004). The function of cortex in plant growth and physiology is not 
so clear as for other types of tissues. The importance of endodermis has been highlighted in many 
studies demonstrating that this tissue layer act as a central regulator of intracellular signals 
involved in root growth and tissue patterning. Moreover, early in development, endodermal cells 
acquire the Casparian strips, a cell wall structure that functions as an impermeable apoplasmic 
barrier to water and nutrients (Miyashima and Nakajima, 2011).  
Finally, plant vasculature, which is organized in a central cylinder or stele, derived from the set 
of vascular initials stem cells proximal to the QC (Dolan et al., 1993; Scheres et al., 1994; Ohashi-
Ito and Fukuda, 2010). The central cylinder is composed by the xylem, phloem and procambial 
cells. Water and nutrients are transported along the xylem while the photosynthates flow through 
phloem cells (Jalean et al., 2014). Lastly, the pericycle layer surrounds the plant vasculature and 
is the layer that gives rise to lateral roots (Du and Scheres, 2018).  
 
 
1.3 Developmental program along the root 
Along the longitudinal axis, the primary root is mainly divided into three distinct developmental 
domains: meristematic zone, elongation zone and differentiation zone (Dolan et al., 1993) (Fig. 
3) that also reflect the temporal evolution of cells within the root (Pavelescu et al., 2018). New 
cells provenient from the stem cell niche in meristematic zone undergo consecutive divisions until 
they become part of the elongation zone where the cells increase in length and DNA content. The 
boundary between the meristematic and elongation zones is denominated transition zone. 
Transition zone is a region where root cells undergo cytoarchitectural rearrangements to prepare 
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for rapid cell elongation and where cells switch from the mitotic cycle to the endocycle, where 
cells replicate DNA during S phase and slap mitosis, thereby increasing ploidy (Edgar et al., 2014; 
Kong et al., 2018) (Fig. 3).  
This border defines the meristem size that is determined by the balance between cell division and 
differentiation and is mediated by a correct balance of phytohormones (Beemster and Baskin, 
1998; Moubayidin et al., 2010). The phytohormones auxin and cytokinin are considered the 
master coordinators of cell proliferation and differentiation. Auxin form a gradient along the 
meristem, mediated by AUX1/LAX (Auxin resistant1/Like AUX1) and PIN-FORMED (PIN), 
carriers that are polarly localized in cell membranes. According to this gradient, auxin is present 
in higher amounts in the stem cell niche and sequentially decrease near the transition zone (Tanaka 
et al., 2006). Several studies indicate that auxin acts on multiple targets which control cell 
proliferation (Roudier et al., 2003; Hartig and Beck, 2005; Blilou et al., 2005; Takatsuka and 
Umeda, 2014). On the contrary, cytokinin promotes cell differentiation in the transition zone by 
enhancing the expression of SHORT HYPOCOTYL2 (SHY2) gene which negatively regulates 
the PIN genes (Taniguchi et al., 2007; Dello Ioio et al., 2008; Tian et al., 2002; Blilou et al., 
2005). Conversely, high amounts of auxin drive the degradation of the SHY2 protein (Dello Ioio 
et al., 2008). In analogy to auxins, gibberellins also promote cell division in the meristem by 
repressing cytokinin responsive transcription factors that induce SHY2 (Moubayidin et al., 2010). 
On another side, brassinosteroids (BR), promotes elongation via high BZR1 accumulation in 
nuclei of hair epidermal cells, antagonizing the auxin effect (Chaiwanon and Wang, 2015; Wei 
and Li, 2016).   
Parallel to phytohormones, reactive oxygen species (ROS) generated by the cellular redox 
reactions such as respiration and photosynthesis, also participate in the cell 
proliferation/differentiation balance (Singh et al., 2016). Thus, the superoxide radical (O2-) 
accumulates in the meristem because it is required for cell proliferation, while hydrogen peroxide 
(H2O2) is mainly present in the elongation zone where differentiation is induced (Tsukagoshi et 
al., 2010). This balance is mainly regulated by transcription factors like UPBEAT1 (UPB1) and 
Myb36 (Tsukagoshi et al., 2010; Liberman et al., 2015; Fernandez-Marcos et al., 2017). In the 
transition zone, there is an overlap of both types of ROS which highlight the idea of transition 
zone behaving as an oscillatory zone that may act as a kind of command center (Baluška and 
Mancuso, 2013). In the elongation zone, cells undergo rapid growth through water uptake, 
accompanied by vacuole expansion and irreversible cell wall extension (Cosgrove, 1993; Dolan 
and Davies, 2004). Recent evidences indicate that histone H3.1/H3.3 balance along the root is 
also associated with proliferation/differentiation domains. Cell proliferation potential in the RAM 
is strongly related with high amounts of histone H3.1 while differentiation along the root is 
associated with replacement of canonical H3.1 by variant H3.3 (Otero et al., 2016).  
17 
 
Finally, cells achieve their maturity in the differentiation zone, presenting specialized 
characteristics and functions. In this stage, where cells are no longer elongating, new structures 













1.2.3 Mitotic Cell cycle  
The production of new cells during proliferation is essential for organogenesis in plants. Cell 
number increases in a population by passing through the mitotic cell cycle that consists of four 
distinct phases: Gap 1 phase (G1 phase), DNA synthesis phase (S phase), Gap 2 phase (G2 phase) 
and mitotic phase (M phase) (Fig. 3). In sum, the S phase encompasses DNA duplication 
(replication) and assembly of chromatin required to package genomic DNA, while the M phase 
allows chromosome and cytoplasmatic segregation to the two daughter cells through nuclear 
(karyokinesis) and cell (cytokinesis) division, respectively. During the gap phases, oscillatory 
transcription waves of cell cycle phase-specific genes are activated (Breeden, 2003) and cellular 
homeostasis and correct DNA replication are monitorized, enabling DNA repair and cell cycle 
surveillance mechanisms to determine if check-point activation is necessary (Waterworth et al., 
2011; Velappan et al., 2017). The transition of the distinct phases of cell cycle is controlled by 
periodic phosphorylations and inhibitory phosphorylations/de-phosphorylation of cyclin-
dependent kinases (CDKs) in combination with different cyclins (CYCs) (Fig. 3). This oscillatory 
post-translational regulation of CDK/CYC complexes is synchronized by activators like CDK 
ACTIVATING KINASES (CAK) and by inhibitors such KINASE INTERACTING PROTEIN 
Figure 3. Root developmental 
domains and cell cycle. The left 
part of the image depicts the three 
main developmental regions of the 
root, which are the meristem, 
elongation and differentiation 
zones. The transition zone 
between meristem and elongation 
is also represented. The 
meristematic zone is characterized 
by the presence of proliferative 
cells encompassing a mitotic cycle 
(bottom right) while the transition 
and elongation zone cells are 
under endocycle (upper right). The 
main regulators of each phase of 
the cell cycle are also represented 
on the right part of the image.  
Adapted from Gutierrez, 2009, 




(KIP)-RELATED PROTEIN (KRPs) (Vandepoele et al., 2002; Menges et al., 2005). In contrast 
with the described reversible modifications, spatial and temporal irreversible degradation of 
CDKs and CYCs is mediated by the ubiquitin-proteasome system, a proteolysis mechanism that 
assures the strict unidirectionality of the cell cycle (Bassermann et al., 2014).  
The G1 phase is characterized by cell growth, organelle duplication and the preparation of the 
necessary machinery for the replication process that occurs during the S-phase. Early in G1, the 
ORIGIN RECOGNITION COMPLEX (ORCs) binds to the chromatin to mark potential 
replication start sites (ORIs). Then, the ORI licensing process is completed when components of 
pre-replicative complex, such as CDC6 (CELL DIVISION CYCLE6), CDT1 (CDC10 
DEPENDENT TRANSCRIPTION1) and the helicases MCM (MINICHROMOSOME 
MAINTENANCE, MCM2 to MCM7) complex are recruited to the ORC bound sites (Masai et 
al., 2010). Although licensing occurs at many genomic sites, only a subset of ORIs will 
specifically fire during S phase (Costas et al., 2011; Sanchez et al., 2012; Mechali et al., 2013; 
MacAlpine and Almouzni, 2013; Mojardin et al., 2013; Desvoyes et al., 2014). The features 
leading to ORI specification are not yet completely understood in multicellular eukaryotes. The 
most efficient ORIs are those firing more often inside a population and, in plants, just like in 
animals, those ORIs seem to be associated with highly active transcribed genes, especially in 
stretches of GC rich regions and clusters of GGN trinucleotides (Costas et al., 2011; Sequeira-
Mendes et al., 2019). Also in heterochromatin, the most densely compacted regions of the 
genome, ORIs colocalize with transposable elements (TEs) that contain higher GC content 
(Vergara et al., 2017). 
Transcriptional waves are also an important point of control in the cell cycle, allowing the 
availability of specific cell cycle regulators only when their activity is required. During G1, 
CDKA/CYCD complex is activated by CAK pathway. In an active form, CDKA/CYCD complex 
triggers successive phosphorylations that inactivate RBR repressive action leading to E2Fa–b/DP 
release (Gutierrez et al., 2002; Magyar et al., 2005; Berckmans and De Veylder, 2009) (Fig. 3). 
The Arabidopsis E2Fa/DP and E2Fb/DP promote the G1/S transition by inducing transcriptional 
activation of target genes required for S-phase that contain the E2F box motifs. On the contrary, 
E2Fc/DP is a transcriptional repressor that also forms a complex with RBR to promote a 
repressive activity (Velappan et al., 2017). At the S/G1 transition, the E2Fc/DP in complex with 
RBR are also phosphorylated by CDKA/CYCD complex and subsequentially degraded by the 
proteasome through ubiquitin E3 ligase SCFSKP2 system (del Pozo et al., 2006).  
During the S phase of the cell cycle, the chromatin (DNA complexed with histones) is faithfully 
duplicated. Only a subgroup of ORIs is activated, although not all selected ORIs fire at the same 
time, obeying a temporal program of activation throughout the S-phase. Gene rich regions with 
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active epigenetic marks fire early in the S-phase while condensed regions, enriched in repetitive 
elements and repressive epigenetic marks, are activated later (Leonard and Méchali, 2013; 
Cadoret et al., 2008; Hansen et al., 2010; Eaton et al., 2011, Dellino et al., 2013; Fragkos et al., 
2015). Additional factors, including CDC45 (CELL DIVISION CYCLE 45), and the GINS 
complex, DNA polymerases A (α), D (δ) and E (ε) complexes, PCNA (PROLIFERATING CELL 
NUCLEAR ANTIGEN), RFC (REPLICATION FACTOR C), RPA (REPLICATION 
PROTEIN A), FEN1 (FLAP STRUCTURE‐SPECIFIC ENDONUCLEASE 1) and LIG1 
(LIGASE 1) are sequentially assembled to the pre-replicative complexes to permit DNA 
replication (Sanchez et al., 2012; Sequeira-Mendes and Gutierrez., 2015). The beginning of S-
phase is marked by the activation of MCM helicases, which is dependent on CDKs. Together with 
the rest of the replication machinery, they initiate the process of replication. To avoid re-licensing 
and re-replication of DNA, CDT1 and CDC6 are phosphorylated by CDKs, evicted from the 
chromatin and degraded by the ubiquitin proteasome pathway (Petersen et al., 2000; Sugimoto et 
al., 2008).  
Throughout replication, new nucleosomes must be assembled behind the replication fork in order 
to maintain chromatin structure and histone post-translational marks. New nucleosomes are 
formed in DNA by the CHROMATIN ASSEMBLY FACTOR1 (CAF1) which mediate the 
deposition of one (H3–H4)2 tetramer followed by the incorporation of two H2A–H2B dimers by 
the NUCLEOSOME ASSEMBLY PROTEIN-1 (NAP1) (Groth et al., 2007; MacAlpine and 
Almouzni, 2013).  
The G2/M transition is mediated by the cooperation between CDKA-CYC (associated with cyclin 
A-,D- and specially B) and CDKB-CYC (Inzé and De Veylder, 2006). CDKB expression is 
dependent of E2F (Boudolf et al., 2004) and both CDKA- and CDKB-CYC complexes are 
regulated by CAK activity (Fig. 3). Together, CDKA- and CDKB-CYC complexes are 
responsible for the phosphorylation of several targets necessary for mitosis. In addition, G2 
progression requires a new transcriptional wave, dependent on M specific activator (MSA) 
recognizing TFs, to produce the elements essential for mitosis (Gutierrez, 2009; Desvoyes et al, 
2014).  
During G2, a crucial checkpoint assesses the chromatin integrity before the segregation of the 
genetic material. In the case of DNA damage or replication stress, WEE1 kinase inhibits the 
activity of CDKs through phosphorylation, provoking a cell cycle arrest in G2 (De Schutter et al., 
2007). In addition, some chromatin related events take place in G2 such as the deposition of 
histone H3 variant CENH3 at the centromeric regions (Lermontova et al., 2006) and the increase 
of H3K4me3 histone modifications in G2 expressed target genes (Xiao et al., 2005; Zhu et 
al.,2005; Desvoyes etal., 2014).  
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Four main steps compose mitosis: prophase, metaphase, anaphase and telophase. All the 
machinery is prepared during G2 to start chromosome condensation at prophase. The compaction 
of all genetic material in mitotic chromosomes requires profound chromatin changes. During this 
process, phosphorylation of specific residues present in the histone H3 N-terminal tail occurs, an 
event that is conserved among animals and plants. Thus, H3T3ph, H3S10ph, H3T11ph, and 
H3S28ph are the most crucial phosphorylation events that leads to chromatin compaction 
(Manzanero et al., 2000; Houben et al., 2007; Rossetto et al., 2012). In parallel, a transcription 
shut down is observed together with a decrease of acetylation events in both H3 (K18 and K23) 
and H4 (K5, K8, K12 and K16) (Bonenfant et al., 2007). At metaphase, the chromosomes are 
positioned at the cell plate to assure that sister chromatids are correctly spared during anaphase. 
The multi-subunit E3 ubiquitin ligase, anaphase-promoting complex/cyclosome (APC/C) is a 
major regulator of mitotic progression by triggering metaphase-to anaphase transition and exit 
from mitosis. APC/C promotes the degradation of cyclins, like CYCB, by the 26S proteasome 
(Weingartner et al., 2003). In plants, CDC20 and CELL CYCLE SWITCH 52 (CCS52) activate 
the APC/C and provide substrate specificity (Eloy et al., 2015) (Fig. 3). At telophase, there is a 
rebuilding of structures and components, in order to form the two interphase nuclei and 
chromosome decompaction occurs. Cell division finishes with cytokinesis where all cytoplasmic 
components are equally distributed into the two daughter cells and a new cell wall is synthesized 
(Gutierrez, 2009).  
1.2.4 Endocycle 
In plant, differentiation processes are often associated with endoreplication. In the transition zone 
of the root, cells switch from proliferation to differentiation as a response to developmental 
stimuli. This process is accompanied by a change from the mitotic cell cycle to the endocycle, 
where the cells duplicate the chromatin and DNA content without passing through division (Edgar 
et al., 2014). Along the root, several rounds of endoreplication cycles occur, increasing the levels 
of genomic ploidy (from 2C to 4C, 8C, 16C). During the endocycle, cyclin-dependent kinase 
inhibitors (CKIs) play a crucial function by regulating CDKs and cyclins that control the cell 
cycle (Veylder et al, 2001; Li et al., 2019) (Fig. 3). Regulators of G2/M transition are the most 
affected factors. Cyclin A, involved in G2/M transition, is repressed by transcription factor ILP1 
(INCREASED LEVEL OF POLYPLOIDY 1) that consequently attenuates mitotic-CDK (M-
CDK) activity (Imai et al, 2006). Cyclin D3;1 is also depleted during this process (Dewitte et al., 
2003). CDKB1 activity (S–G2 M‑CDKs) is suppressed by a plant specific CKI SIAMESE (SIM) 
(Churchman et al., 2006). SIM inhibits Cyclin B expression by blocking the transcription factor 
MYB3 PROTEIN (MYB3R1) (Edgar et al., 2014). Additionally, to SIM, SMR (SIAMESE-
RELATED) gene family members also exert functions as mitotic cell cycle inhibitors that 
promotes endoreplication (Li et al., 2019).  
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As mentioned before, cytokinins influence meristem size and the switch to endocycle. The 
ARABIDOPSIS RESPONSE REGULATOR 2 (ARR2), activated by cytokinins, stimulates 
CCS52A1 expression. Subsequently, CCS52A1 activates the APC/C complex to stop division by 
degradation of mitotic regulators (Takahashi et al., 2013) In agreement, down-regulation of 
CCS52A decreases the cotyledon ploidy level. CCS52A expression is negatively repressed by 
E2Fe/DEL1 in Arabidopsis and e2fe/del1 mutants present increased levels of ploidy highlighting 
the function of CCS52 in endoreplication (Lammens et al., 2008). Endoreplication is also affected 
by G1/S phase elements like E2F-RBR complexes. It has been described that decreased levels of 
RBR stimulates both cell division and endocycle progression, (Park et al, 2005; Desvoyes et al., 
2006; Borghi et al., 2010) possibly by E2FA-DPA release. The overexpression of this complex 
promotes endoreplication (Magyar et al., 2005; De Veylder et al., 2002). Interestingly, some 
components of pre-RC, like CDC6 and CDT1, endorses endocycle progression, whereas others 
like MINICHROMOSOME MAINTENANCE (MCM)-interacting protein and ETG1 (E2F 
TARGET GENE 1) prevent the early switch to endoreplication (Castellano et al., 2001; 
Castellano et al., 2004; Takahashi et al., 2008). Some elements are also implicated in endocycle 
onset prevention in the meristematic region, which is the case of a small ubiquitin-like modifier 
(SUMO) E3 ligase and HIGH PLOIDY2 (HPY2), that induces the expression of cell division 
regulators (Petricka et al., 2012).  
In summary, the main role of endocycle has not been completely uncovered yet. However, the 
evidences suggest that endoreplication might be advantageous to increase gene expression and 
metabolic output in order to support plant growth and development. Furthermore, these insights 
could also be the reasons why distinct environmental stresses, biotic or abiotic, lead to 
prematurely switch to endocycle.  
1.3  Abiotic stress 
Plants, as other organisms, are influenced by external environment conditions during their life 
cycle. Abiotic factors like water, salinity, temperature, light and chemical composition of the soil 
deeply influence growth and developmental programs. Variations of any of these conditions alter 
homeostasis leading to physiologic stress, also designated as abiotic stress (Singh and Laxmi, 
2015). Plants have developed strategies to deal with such adversities. However, rapid climate 
change is producing high rates of abiotic stress that affects global crop production and geographic 
distribution of plants in different ecosystems. These evidences highlight the importance of 
studying the plant response mechanisms to abiotic stress (Fedoroff et al., 2010). The most 
common abiotic stresses are due to drought, heat, cold, osmotic pressure, nutrient deficiency, and 
excess of salt or toxic metals, e.g. aluminum, in the soil (Zhu, 2016). The complexity of the 
response generated is dependent on the nature and duration of the abiotic stress (Cramer et al., 
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2011). Nevertheless, pleiotropic events reveal many interactions and cross-talks between 
pathways triggered by the diverse stresses (Takahashi et al., 2004). Most molecular responses to 
abiotic stress culminate in transcriptome, metabolome and proteome alteration that can ultimately 
lead to phenotypical changes, changing plant architecture (Cramer et al., 2011).  
Hormone imbalance provokes physiologic changes that resemble to abiotic stress. Interplay 
between signal transduction pathways mediated by phytohormones is essential for balancing 
growth and stress resistance (Bechtold and Field, 2018). This flexibility permits rapid 
reorganization of developmental, physiological and metabolic programs in response to 
environmental stress (Amtmann and Armengaud, 2009; Cutler et al, 2010). Specifically, abcisic 
acid (ABA) is considered one of the central regulator hormones, and its pathway is triggered in 
response to several types of abiotic stresses.  
ABA was discovered in 1960 as a weak acid that hindered growth by accumulating in abscising 
cotton fruit (Liu and Carns, 1961). Nowadays, the role of ABA in growth and developmental 
programs has been deciphered, revealing crucial functions in seed dormancy/germination, embryo 
maturation, stomatal regulation, meristem size definition, senescence, floral induction, and 
responses to environmental stresses (Finkelstein, 2013). Plants under environmental stress 
conditions, such as drought, high salinity, cold (abiotic stresses) overproduces ABA.  First, ABA 
signaling pathway activation is important for stomatal closure regulation to avoid plant 
dehydration (Pacifici et al., 2015). Then, high ABA amounts, induced both by external application 
of ABA or by osmotic stress, influence root growth rate (Finkelstein et al., 2002; Li et al., 2017). 
A wide variety of genes are activated by ABA under these conditions, indicating that ABA is 
crucial to mediate adaptive responses in order to restore plant homeostasis (Micol-Ponce et al., 
2015). In the entire plant, seedling growth and lateral root formation are affected. ABA represses 
primary root growth and formation of lateral roots (Wasilewska et al., 2008) by repressing auxins 
and auxins transport regulators like AUX1/LAX and carriers PIN proteins (He et al., 2012; Yang 
et al., 2014; Promchuea, et al., 2017).  ROS production also increases under high concentrations 
of ABA, that consequently increase the inhibitory effect on auxin regulators by activation of 
NADPH oxidases, thus suppressing primary root development (Sun et al., 2018). At cellular level, 
transcriptome alterations encompass synthesis of new proteins, modifications in metabolic 
pathways, variations in ion uptake, free radical scavenging and cell cycle adjustments 
(Bhattacharjee and Saha, 2014). Several studies indicate that an arrest in cell cycle is produced 
by high ABA concentrations by influencing crucial cell cycle regulators such as CDT1 and 
CYCB1 (Castellano et al., 2004; Xu et al., 2010). Regulation of root growth under osmotic stress 
conditions comprises a hormonal crosstalk network between cytokinin, ethylene and auxin that 




1.4 Chromatin  
Chromatin structure was first observed approximately 45 years ago in an electron microscope 
(Olins and Olins, 1973). The first description compared chromatin structure with “beads on a 
string”.  The repeating spherical structures observed are the functional units of chromatin, the 
nucleosomes, that are formed by an octamer of histones (two dimers of H2A-H2B histones 
together with a tetramer of H3-H4 histones) wrapped by approximately 147 bp of DNA (Thomas 
and Kornberg, 1975) (Fig. 4). Additionally, an extra histone, H1, bind nucleosomes and is 
important for nucleosome interactions to form a higher order structure, the chromatin fiber (Luger 
et al., 1997). The compaction status of chromatin was first recognized by Heitz (1928) and varies 
from accessible chromatin (euchromatin), enriched in active genes, to highly condensed 
chromatin (heterochromatin), containing repetitive regions and transcriptionally silenced genes 
(Sun et al., 2001; Fransz et al., 2003). The nuclear distribution of chromatin also differs between 
nuclear regions, with euchromatin domains being localized in the center of the nucleus while 
heterochromatin is confined to the nuclear periphery (DeRisi et al., 1997; Solovei et al., 2004; De 
Nooijer et al., 2009) (Fig. 4).  
 
 The structural and functional regulation of chromatin implies an extraordinary combinatorial 
complexity. Firstly, canonical histones present in the nucleosomes can be replaced by isoforms, 
which are variants of the same family (Talbert and Henikoff, 2010). Secondly, histones can suffer 
multiple post-translational modifications at numerous residues. Thirdly, DNA can be also 
modified by addition of methyl groups at cytosines present in CG dinucleotides or CHG and CHH 
sequences, where H is A, C, or T (Zemach et al., 2010; Saze et al., 2011; Feng et al., 2010). These 
characteristics, together with the activity of nucleosomes remodeling complexes, mediate 
Figure 4. Chromatin structure in the 
nucleus. The main regulators of chromatin, 
like histone families, post-translational 
modifications (PTM) and DNA methylation 
are represented here, depicting the basic 
units that compose the chromatin fiber. The 
image depicts how the compaction of the 
chromatin fiber allows the genetic material 
to be stored and organized inside the 
nucleus (Rosa and Shaw, 2013).  
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chromatin dynamics, a key regulator of vital cellular processes like transcription, replication, 
DNA repair and recombination, which ultimately affect cell proliferation, growth and 
development (Rosa and Shaw, 2013; Otero et al., 2014; Sequeira-Mendes and Gutierrez, 2016).  
1.4.1 Histones: The H3 family 
 Canonical histones are integrated in the nucleosome mainly during the synthesis of new DNA 
that occurs at the S phase of the cell cycle (Henikoff and Ahmad 2005). Except for the H4 family, 
histone families encompass variants, that can replace canonical histones at several points during 
the cell cycle, in association with transcription, DNA replication, repair or recombination (Malik 
and Henikoff, 2003; Bernstein and Hake, 2006; Ingouff and Berger, 2010; Zhu et al., 2013; Otero 
et al., 2014; Rutowicz et al., 2015). Despite similarities, canonical and variant histones differ in 
some amino acids residues and properties, dictating different characteristics to chromatin.  
Histone 3 family is one of the most studied and complex of all the histone families. In Arabidopis, 
this family encompasses a group of fifteen genes, called HISTONE THREE RELATED (HTR), 
which encode H3 proteins (http://www.chromdb.org/) with very distinct properties. (Ingouff et 
al., 2010; Otero et al., 2014; Jiang and Berger, 2017). CenH3 (HTR12) is essential to centromeric 
region formation, enabling the assembly of kinetochores that are crucial for proper chromosome 
segregation along the process of mitosis (Ravi et al., 2011; Fukagawa and Earnshaw, 2014) 
CenH3 structure differs from the other H3 substantially, especially at N-terminal tail, allowing 
this particular histone to be modified with unique epigenetic marks for the specification of 
centromer positioning through subsequent generations (Rosa and Shaw., 2013).  
The canonical H3.1 is encoded by 5 intronless genes (HTR1, HTR2, HTR3, HTR9 and HTR13) 
while the variant H3.3 by 3 genes (HTR4, HTR5 and HTR8). H3.1 and H3.3 dynamics and 
properties are incredibly different, in spite of that the amino acid sequences differ only in 4 
residues at positions (H3.1: A31-F41-S87-A90 / H3.3: T31-Y41-H87-L90). In animals there are 
two histones H3.1 and H3.2 homologues to the H3.1 in plants, which differ with H3.3 in positions 
31, 87, 89 and 90 (Waterborg and Robertson, 1996; Ingouff and Berger, 2010; Shi et al., 2011) 
(Fig. 5).  
 
 
Figure 5. Amino acid residue differences between 
H3.1 and H3.3 histones in animals and plants. 
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Curiously, the presence of Phenalanine at position 41 appeared first in ferns and is unique to 
plants (Lu et al., 2018). The difference between animal and plant H3 point to an independent 
origin but with convergent evolution. 
During the S phase of cell cycle, the histone H3.1 is incorporated all over the genome in a DNA 
replication dependent manner by the Chromatin Assembly Factor-1 (CAF1) chaperone. Then, in 
euchromatic regions, H3.3 replaces H3.1 by a process that is dependent on transcription. Thus, 
H3.1 is enriched at heterochromatin regions, the chromocenters, that comprises pericentromeric 
regions formed by repetitive sequences and transposable elements (Fransz et al., 2002.; Stroud et 
al., 2012; Wollmann et al., 2012; Simon et al., 2015) (Fig. 9). Silenced genes and their regulatory 
domains outside the pericentromeric regions form small patches of heterochromatin that also 
contain H3.1. It is known that H3.1 peaking domains correlate with DNA methylation sites (CG, 
CHG, and CHH, where H = A, T or C) and epigenetic marks that promote silencing, like 
H3K9me2, H3K27me3 and H3K27me1 (Stroud et al., 2012).  Contrary to H3.1, H3.3 is deposited 
throughout the cell cycle by the chaperone HIRA in actively transcribed genes. In Arabidopsis, 
H3.3 peaks towards the 3´end of the genes, protecting gene bodies from DNA methylation that is 
crucial for high transcription rates (Wollmann et al., 2017). As in animals, Arabidopsis H3.3 is 
associated with active marks, like H3K4me3 and H3K36me3, and is correlated with RNA Pol II 
occupancy and H2B ubiquitylation (Stroud et al., 2012; Wollmann et al., 2012). Likewise, H3.3 
is enriched in telomeres and subtelomere regions, indicating that, in many higher eukaryotes, 
telomeric chromatin exhibit euchromatic features, despite consisting of repetitive DNA sequences 
(Vaquero-Sedas and Vega-Palas, 2013).   
A recent study emphasizes the importance of H3.1/H3.3 ratio in different cell populations along 
the root axis (Otero et al., 2016). Cells with elevated proliferation rates located at the most apical 
part of the meristem contain higher levels of H3.1, whereas at the upper part of meristem H3.1 is 
evicted early in G2, just before the transition to the endocycle. These cells are characterized by 
having longer G2 phases with lower H3.1/H3.3 ratio. Then, at the elongation zone the H3.1/H3.3 
ratio increases during endoreplication and H3.1 is once more evicted when cells fully differentiate 
(Otero et al., 2016).  
The histone H3 family also comprises other variants that influence chromatin status and 
transcription programs. HTR10 encodes a H3 variant that substantially differs from H3.1 and 
H3.3 in many amino acid residues. HTR10 is important for chromatin remodeling in germ cells, 
specifically in sperm cells present in mature pollen, being evicted from the genome after 
fertilization (Ingouff et al., 2007). HTR14 is also present in pollen but, it is expressed in the 
vegetative nucleus and not in sperm cells. Interestingly, HTR14 together with HTR6 and HTR15 
are considered H3 “unusual” or rare histones because they share features with both H3.1 and H3.3 
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regarding their amino acidic sequence. Nevertheless, in normal conditions, no transcripts of these 
unusual histones are detected in seedlings (Ingouff et al., 2010). Finally, HTR7 and HTR11 are 
considered pseudogenes (Ingouff et al., 2010).  
1.4.2 Histones post translational modifications 
The histone protein structure includes the histone folding domain, formed by three α-helices (α1, 
α2, and α3) intercalated by two loops (L1 and L2) and unfolded structures, the N- and C-terminal 
tails (Luger et al., 1997). The N- and C-terminal tails extend out of the nucleosome and can be 
posttranslationally modified serving as a platform for interaction with a variety of protein and 
adding another layer of regulation (Jenuwein and Allis, 2001; Turner, 2002, Ho and Crabtree, 
2010). Histone posttranslational modifications (PTMs) can be heritable and transmitted, 
propagating epigenetic information along generations at particular loci in the genome (Leatham-
Jensen et al., 2019). The most typical modifications occurring in histones are acetylation, 
phosphorylation, methylation and ubiquitination (Bannister and Kouzarides, 2011) (Fig. 6). All 
kind of PTM are highly dynamic and regulated by effectors that can add, substitute or remove the 
modification.  
Lysines are usually targets of histone acethyltransferases (HATs) that catalyse the transfer of an 
acetyl group from the cofactor acetyl CoA to the ε-amino group of lysine (Hodawadekar and 
Marmorstein, 2007). Both in animals and plants, lysine acetylation occurs at K9, K18, K23 and 
specially at K14 of H3 promoting transcription by weakening the interactions between histones 
and DNA permitting a higher nucleosome turnover (Johnson et al., 2004). On the other hand, 
histone deacetylases (HDAC) are potential transcriptional repressors, acting by removing acetyl 
group and restoring the positive charge of the lysine, endorsing in this way histone-DNA 
interactions (Bannister and Kouzarides, 2011).  
Histone phosphorylation is a fundamental regulator of the cell cycle, including mitosis and 
replication, DNA repair and recombination (Moraes and Casas-Mollano, 2014). Phosphorylation 
mainly relies on the transfer of a phosphate group from ATP to the hydroxyl group of Serines (S), 
Threonines (T) and Tyrosines (Y), regardless of whether the residue is on the N-terminal or in the 
core part of the histone. This process is mediated by kinases and, like acetylation, significantly 
influences chromatin structure by altering histone charges. Histone phosphorylation is also a 
reversible process, meaning that phosphatases have the power to revert the modification 
(Bannister and Kouzarides, 2011). In plant histones, phosphorylation occurs predominantly in the 
following residues: H3T3, H3T6, H3S10, H3T11, H3S28, and H3Y41 (Moraes and Casas-
Mollano, 2014). Most of those phosphorylations are related with condensation and cohesion 




Lysines and arginines are common targets of methylation. Histone methylation consists of the 
addition of one, two or three methyl groups by methyltransferases. Histone methylation does not 
alter the charge of the histone protein (Bannister and Kouzarides, 2011).  On the other side, 
histone demethylates (HDMs) are responsible for the removal of methyl groups (Shi et al., 2004; 
Tsukada et al., 2006; Chang et al., 2007). Methylation has complex consequences because 
depending on the residue and number of methyl groups added, it can be associated either with 
transcriptional activation or repression (Strahl and Allis, 2000; Jenuwein and Allis, 2001; Turner, 
2002; Johnson et al., 2004). Specifically, H3K4me2/3 and H3K36me2/3 are associated with 
active transcription and are marks commonly enriched in H3.3, whereas H3K27m1/2/3 and 
H3K9me2/3 are implicated in silencing and mainly present in H3.1 (Rosa and Shaw, 2013; 
Johnson et al., 2004). One of the most studied modification is the H3K27me3 that has a crucial 
role in repression of Polycomb regulated developmental genes and maintenance of cellular 
identity (Kinoshita et al., 2001; Chanvivattana et al., 2004; Schubert et al., 2005).  
In Arabidopsis, Polycomb Repressive complex 2 (PRC2), is composed by three E(z) homologues 
[CURLY LEAF (CLF), SWINGER (SWN), and MEDEA (MEA)], a single Esc homologue 
[FERTILIZATION INDEPENDENT ENDOSPERM (FIE)], three Su(z)12 homologues 
[EMBRYONIC FLOWER2 (EMF2), VERNALIZATION2 (VRN2), and FERTILIZATION 
INDEPENDENT SEED2 (FIS2)], and five p55 homologues [MULTICOPY SUPRESSOR OF 
IRA 1–5 (MSI1–5)] (Goodrich et al., 1997; Grossniklaus et al., 1998; Kiyosue et al., 1999; 
Chanvivattana et al., 2004; Hennig et al., 2005). Although distinct complexes are formed 
depending on the developmental transitions, PRC2 complexes are always able to deposit 
H3K27me3 (Zhang et al., 2007a; Bouyer et al., 2011). 
1.5 Chaperones 
Histone chaperones guide the spatial and temporal deposition/eviction of histones in chromatin 
(Mattiroli et al., 2015; Lu et al., 2018). Thus, by promoting nucleosome assembly/disassembly in 
Figure 6. Histone H3 most typical N-terminal post- translational modifications. Small brown beads 
correspond to N-terminal amino acids and the larger bead is representative of H3 core. The number in 
each smaller bead indicate the residue position and the letter the correspondent amino acid (T-threonine; 
K-Lysine; S-serine; Y-tyrosine). Phosphorylation is represented by P (black); methylation corresponds 
to me (light grey) and Acetylation is indicated as ac (dark gray).  
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chromatin during replication, transcription and repair, chaperones are considered fundamental 
pieces of the epigenetic regulation process (Zhu et al., 2013).  
1.5.1 CAF1 
CAF-1 complex is responsible for H3.1-H4 deposition into DNA in a process dependent on 
replication (Fig. 7). CAF-1 complex is composed by three subunits, which in plants, are 
FASCIATA1 (FAS1) the larger subunit (p150), the p60 corresponds to FASCIATA2 (FAS2) and 
the p48 homologue is MULTICOPY SUPPRESSOR OF IRA1 (MSI1) (Smith and Stillman, 
1989; Kaya et al., 2001; Hennig et al., 2003; Polo and Almouzni, 2006; Reyes, 2006; Otero et 
al., 2014). Besides being part of CAF-1 complex, MSI1 is also part of the PRC2, essential for 
plant development (Kohler et al., 2003a; Schonrock et al., 2006a). In addition, MSI1 establishes 
interactions with RBR1 protein, which is a key player in cell cycle progression (Ach et al., 1997). 
The wide range of interactions reflects the importance of MSI1 for cell survival but it also makes 
it difficult to delineate the exact function of MSI1 as part of CAF-1 complex. The interaction of 
CAF-1 with H3.1-H4 is mediated through the FAS1 subunit that also promotes the connection of 
CAF-1 with Proliferating cell nuclear antigen (PCNA) (Zhang et al.,2016). PCNA functions as a 
mediator that attracts CAF-1 to the replication forks (Zhang et al.,2016). On another side, FAS2 
interacts with ASF-1 mediating the transfer of H3.1-H4 dimers from ASF-1 to CAF-1. Both fas1 
and fas2 mutants are not lethal, nonetheless, these mutations cause pleotropic effects and plants 
exhibit genomic instability, impaired cell cycle progression and premature cell differentiation, 
with increased ploidy levels that ultimately results in disorganized meristems and reduced fertility 
(Kaya et al., 2001; Exner et al., 2006; Ramirez‐Parra and Gutierrez, 2007; Kirik et al., 2006; Ono 
et al., 2006; Schonrock et al., 2006; Mozgova et al., 2010; Abascal et al., 2013). Recently, it has 
also been described that telomere are shortened in these mutants, and that the number of ribosomal 
DNA clusters is reduced (Mozgova et al., 2010; Muchova et al., 2015; Havlova et al., 2016; 
Pavlistova et al., 2016; Varas et al., 2017; Muñoz-Viana et al., 2017).  
1.5.2 HIRA 
The HIRA chaperone constitutively deposits H3.3-H4 in actively transcribed regions of the 
genome functioning as a crucial element in chromatin organization (Fig. 7). Like in animals, 
HIRA forms a complex with Anti Silencing Factor 1 (ASF1), Calcineurin Binding protein 1 
(CABIN1) and Ubinuclein (UBN) 1 and 2 (Tagami et al., 2004; Balaji et al., 2009; Nie et al., 
2014). A null HIRA mutant, hira-1, exhibits reduced genome‐wide distribution of H3.3 and 
nucleosome occupancy disruption at euchromatic and heterochromatic loci (Duc et al., 2015). As 
a consequence, hira-1 displays pleiotropic defects in vegetative development, presenting seedling 
growth retardation, cotyledons serration, and reduced fertility (Nie et al., 2014; Duc et al., 2015). 
This contrasts with animals, where HIRA null mutants are not viable. Triple homozygous mutant 
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ubn1;ubn2;cabin1, but not single mutants, exhibited a phenotype resembling hira-1, a further 
evidence that all elements are needed for the correct function of the complex (Nie et al., 2014). 
In animals, it has been shown that HIRA complex binds H3.3 through UBN, which recognizes 
specifically the H3.3 amino acid Gly90, present in the core of the histone (Ricketts et al., 2015; 
Lu et al., 2018). HIRA also interacts with ASF1 and an analysis of asf1a;asf1b mutants indicated 
that ASF1 interacts both with HIRA and CAF-1 but in an independent way. HIRA has a crucial 
function in chromatin dynamics not only because it is responsible for the replacement of H3.1 by 
H3.3 in euchromatin but also because it participates in developmental reprogramming and 
environmental adaptation processes. For example, protoplast formation is characterized by the 
dedifferentiation of the cells and a wide transcriptome reprogramming, promoted by HIRA-
mediated H3.3 incorporation. In vegetative tissues, a response to abiotic stress induces 
transcriptome alterations where HIRA seems to play a role, as genes down-regulated in hira-1 











1.5.3 Other chaperones 
In eucariotes, apart from CAF-1 and HIRA, there are other histones chaperones that also can 
incorporate histones H3. ASF1 c can bind H3.1-H4 or H3.3-H4 dimers escorting the complex 
from the cytoplasm to the nucleus (Zhu et al., 2011). Then, H3.1-H4-ASF1 and H3.3-H4-ASF1 
Figure 7. Histone H3.1 and H3.3 incorporation into the DNA by CAF-1 and HIRA. Histone H3.1 is 
incorporated by the chaperone CAF1 during DNA replication. At regions of active genes, H3.1 is 
then replaced by H3.3 that is deposited by HIRA chaperone, a process which is cell cycle 
independent. Thus, H3.1 is enriched in heterochromatic regions like pericentromeric chromatin, 
transposable elements (TEs) and low expressed genes.    
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complexes interact both with CAF-1 and HIRA, respectively (Tagami et al., 2004; Zhu et al., 
2011).  In mammals, ATRX (α-thalassemia X-linked mental retardation process) together with 
Daxx (death domain-associated protein 6) facilitate H3.3 deposition at telomeres (Goldberg et al., 
2010; Lewis et al., 2010). Although, no DAXX homologue has been identified in Arabidopsis. A 
recent study has uncovered that ATRX functions in partnership with HIRA at a genome wide 
scale and that in an atrx mutant H3.3 occupancy at 45S ribosomal DNA loci is severely affected 
(Duc et al., 2017). Finally, DEK chaperones also incorporate H3 histones and, in animals, is 
implicated in many processes such as heterochromatin integrity, DNA replication, DNA double-
strand break repair, mRNA splicing and transcriptional regulation. In Arabidopsis, four DEK 
proteins exist and their function is related to the regulation of nucleosome occupancy, 
transcription and salt stress tolerance (Waidmann et al., 2014).  
Altogether, these insights reinforce the importance of chromatin dynamics during growth and 
developmental processes, showing that a delicate interplay between the many types of histone 
variants, chaperones and posttranscriptional modifications at specific loci and at different time 
points are of fundamental importance not only for the correct development of the organism but 












The chromatin landscape has an important function in genome regulation. Histones are key 
modulators of chromatin status that influences genomic function and dynamics. Thus, deciphering 
how these elements are regulated during the development and in response to environmental 
changes is of primary importance. Thus, the global aim of this work is to understand the role of 
histone H3 variant HTR6 in Arabidopsis thaliana. The objectives that we propose are:  
1. Study the regulation of histone HTR6 expression. 
 
2. Determine the spatiotemporal dynamics of HTR6 at the cellular an organ level in 
response to abiotic stress. 
 

















3.1.1 Bacterial strains 
Escherichia coli, stain DH5α, was used for all cloning procedures. Growth was performed LB 
medium at 37 ºC with desired antibiotics. Gateway empty vectors were amplified using DB3.1 
strain that grows at 37 ºC. Plant transformation was performed using Agrobacterium tumefaciens, 
strain C58C1.  
3.1.2 Plant ecotypes, growth conditions and selection 
Arabidopsis thaliana, Columbia ecotype (Col-0) was used to transform with Agrobacterium to 
generate transgenic plants. Plants were grown in an incubator at 21 ºC and 60 % moisture under 
long day conditions (16-hours light, 8-hours darkness) and in 1 % or 0.8 % agar (Duchefa) MSS 
plates (pH 5.7) supplemented with MES (Sigma), 1 % sucrose (Duchefa) and vitamins (Duchefa). 
To select transformed plants and transgenerational inheritance, the medium was supplemented 
with antibiotics or drugs, as needed. 
3.1.3 Plant drug treatments  
Different treatments were carried out to induce HTR6 expression. Seedlings were exposed to 
ABA (Sigma) or NaCl (Merck). Treatment time varied between 10 min to 1 day, as indicated 
along the results.  
In order to study HTR6 degradation, 5-days-old plants were treated during 4h with different 
proteasome inhibitors, 100 µM MG132 (Peptide Institute) and 0.5 µM epoxomicin (Peptide 
Institute), 50 µM Bortezomib (Sellectchem), in presence of 50 µM of ABA. 
Plants were treated during 2 hours with 0.24 µg/ml of aphidicolin (Aphi) (Sigma) to inhibit 
replication process or with 0.2 mM of 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB) 
(Sigma) to impair transcription in presence of 50 µM of ABA. 
3.1.4 Plants lines 
The transgenic plants generated are specified in Table 3.1 indicating the promoter, gene and tag. 
The T-DNA insertion lines used in this study are indicated in Table 3.2. The cell cycle phases 
marker plants, pCDT1a::CDT1aCFP pHTR13::HTR13Cherry pCyCB1.1::CycB1.1YFP, 
pHTR5::HTR5-mRFP (H3.3) and pHTR13::HTR13-mRFP (H3.1) was also used in this study.  
 
Promoter Gene Tag 
pHTR6 HTR6 G3GFP 
Table 3.1 Transgenic plants generated 
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pHTR6 HTR6 4xMYC 
pHTR6 HTR6S6T G3GFP 
pHTR6 HTR6H11T G3GFP 
pHTR6 HTR6F41Y G3GFP 
pHTR6 HTR6N63I G3GFP 
pHTR6 HTR6V124I G3GFP 
pHTR6 HTR6A132G G3GFP 
 
Mutant names Description 
abi4-1 Finkelstein, 1994 
abi5-1 Finkelstein, 1994 
snrk2.2/snrk2.3 Fujii et al., 2007 
pyr1 pyl1 pyl2 pyl4 pyl5 pyl8 Gonzalez-Guzman et al., 2012 
clf29 Xu and Shen, 2008 
fas2-4 Exner et al., 2006 
hira-1 Nie et al., 2014 
dek3-2 Waidmann et al., 2014 
htr6-1 - 
 
3.2 Molecular biology techniques 
3.2.1 Molecular cloning 
Accuprime Pfx DNA Polymerase (Live Technologies) was used to amplify genomic fragments 
of HTR6 promoter and gene, without termination codon. Primer pairs contained the attB sites for 
GATEWAY cloning (Invitrogen) (Table 3.3). PCR products were purified by Wizard SV Gel and 
PCR Clean-UP system (Promega) or NZYGel pure (nzytech) and recombined into pDONR221 
(Invitrogen) using BP Clonase II (Gateway technology, Invitrogen). Clones were analyzed by 
restriction enzymes and confirmed by sequencing. The resulting entry clones were then 
transferred into the plant destination vectors (Nakagawa et al., 2007) by LR reaction (Gateway 
technology, Invitrogen).  
Destination vectors  
pGWB450: Gateway binary vectors for plant transformation containing a region to insert gene 
fused with G3GFP at C-terminal. Resistance: Bacteria-spectinomycin; Plant-Kanamycin  
 




pGWB416: Gateway binary vectors for plant transformation containing a region to insert gene 
fused with 4xMyc at C-terminal. Resistance: Bacteria-spectinomycin; Plant-Kanamycin 
 
pGWB453: Gateway binary vectors for plant transformation containing a region to insert gene 
fused with mRFP at C-terminal. Resistance: Bacteria-spectinomycin; Plant-Kanamycin 
All destination vectors were provided by Tsuyoshi Nakagawa from the Research Institute of 
Molecular Genetics, Matsue, Japan.  
 




3.2.2 Site-directed mutagenesis 
Site direct mutagenesis was used to introduce point mutations leading to amino acid changes. 
Plasmid containing the gene of interest, pDONOR 221 pHTR6::HTR6, was amplified by Pfu 
Turbo DNA polymerase (Agilent Technologies). Primers used in the amplification contained the 
desired mutation and were designed following the kit instructions (QuikChange® Site-Directed 
Mutagenesis Kit) (Stratagene). Primer sequences and Pfu Turbo polymerase amplification 
conditions are given in Table 3.4. After amplification, non-mutated parental DNA template was 
digested by DpnI that recognizes parental methylated strands. Then, plasmids were transformed 
in the DH5α strain, amplified, purified and transferred into the plant destination vectors (detailed 
in 3.2.1 Molecular cloning). 
 














Table 3.3 Primers used for cloning 
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3.2.3 Extraction of genomic DNA and genotyping 
Roots, leaves or seedlings were collected in tubes containing glass beads and were frozen with 
liquid nitrogen or in dry ice. Frozen tissues were ground in Silamat S5 (Ivoclar Vivadent) for 8 
seconds and 200 µl of extraction buffer (0.14 M d-Sorbitol, 0.22 M Tris-HCl pH 8, 0.022 M 
EDTA pH 8, 0.8 M NaCl, 0.8 % CTAB, 1 % n-Lauroylsarcosine) were added to each sample. 
The samples were incubated at 65 ºC for 10 min with shaking (600 rpm). One volume of 
chloroform was added and the lysates were centrifuged at 18000 x g for 7 min. The supernatant 
(aqueous phase) was transferred to a fresh eppendorf tube and DNA precipitation was carried out 
with 200 µl of isopropanol for 10 min (room temperature). After centrifugation at 18000 x g 
during 15 min, the DNA pellet was washed with 70 % ethanol and air dried before being 
resuspended with 50 µl of water or 1x TE (10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0). 
Genotyping was performed by PCR using NZYTaq II DNA polymerase (Nzytech) and the 
primers are listed in Table 3.5.       
 
Primer name Sequence 
hira-F-genot  GAGAGTCACTGTTTTGGCTGG 
hira-R-genot CTACTAAAATTTGAGGCCGGG 
WiscDsLox  AACGTCCGCAATGTGTTATTAAGTTGTC 
DEK-salk137152-F  GGTTGGATTACCGTCATTCG 
DEK-salk137152-R  CTCTTTTCTGGTGGGCTCTG 
Salk LBb1.3 ATTTTGCCGATTTCGGAAC 





3.2.4 RNA extraction 
RNA was extracted from leaves; roots or seedlings of Arabidopsis Thaliana. First, tissues were 
frozen in liquid nitrogen in tubes containing glass beads and homogenized using a Silamat S5 
(Ivoclar Vivadent) for 6 seconds. Samples were ground for another 6 seconds after Trizol 
extraction (1 ml per 50-100 mg of tissue) (Invitrogen) and left at room temperature for 5 min. 
Chloroform was used in the proportion of 0.2 ml per ml of Trizol to extract total RNA by 
centrifugation at 20000 x g for 15 min at 4 ºC. The upper phase was collected and transferred to 
a new tube and RNA was precipitated using 20 µg of glycogen and 500 µl of isopropanol during 
10 min at -20C. Then, the pellet obtained by centrifugation (10 min at 4 ºC) was washed with 75 
% ethanol, air dried for 5 min and resuspended in 44 µl of nuclease free water. Contaminating 
DNA was eliminated by DNase I treatment carried out during 20 min at 37 ºC by addition of 0.1 
Table 3.5 Primers used for genotyping 
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U/µl DNase I (Roche). The enzyme was then inactivated by EDTA and heat and RNA was 
extracted with phenol:chloroform:isoamyalcohol (25:24:1). RNA was precipitated with 20 µg of 
glycogen (Roche), 1/10 3 M sodium acetate pH 5.2 and 2.5 volumes of 100 % ethanol, washed 
with 75 % ethanol, air-dried and resuspended in nuclease free water.  
RNA quantification: RNA was quantified in a Nanodrop (Thermo Scientific) and RNA integrity 
was assessed by 1 % agarose gel electrophoresis. Gel was loaded with 500 ng-1000 ng of RNA.  
RNA extraction for RNAseq 
RNA was extracted from roots of wt and htr6-1 mutant in 2 different conditions: MSS or MSS 
complemented with ABA for 10 min. (50 µM). RNA extraction for RNAseq experiments 
(Macrogen) was performed using the total RNA mini kit (IBI Scientific) following the 
manufacture´s protocol. The library preparation of the RNA extracts was performed in Macrogen. 
3.2.5 Reverse transcriptase-polymerase chain reaction  
Reverse transcriptase-polymerase chain reaction (RT-PCR) was used to convert mRNA in 
complementary DNA (cDNA).  RNA was extracted and purified as described above and 0.5-1 µg 
of total mRNA was reverse-transcribed to cDNA with SuperScript III (Invitrogen) by using oligo-
dT as primers. A negative control without RT (RT-) was also included to assess the absence of 
genomic DNA in the sample. All cDNA samples were treated with RNase H to remove RNA, 
diluted 5 times and use as template for qPCR.    
3.2.6 Quantitative real-time PCR (qPCR) 
cDNA obtained after RT-PCR was quantified by qPCR by using GoTaq Master Mix (Promega) 
according to the manufacturer´s instructions. The amplification was performed in 384 well plates 
in an ABI Prism 7900HT machine (Applied Biosystems) using the primers pairs listed in Table 
3.6. Serial dilutions of cDNA were used to set standard curves in order to assess primers 
efficiency. Relative expression of histone genes was calculated after normalization with 
housekeeping genes as reference, such as GAPC2, and fold change was calculated relative to Col-
0.  
Calculations: 
ΔCt= Cttarget gene –Cthousekeeping gene 














3.2.7 Protein extraction 
Plants expressing tagged versions of histones (HTR6-Myc) were used to evaluate protein 
expression levels. Seedlings (1-4 g) were grown during 5 days in MSS medium and half of 
material was transferred to MSS plate containing the desired treatment during 4 hours. Aerial part 
and roots of seedlings were frozen separately in liquid nitrogen. Plant tissues were ground with 
pestle in a mortar with liquid nitrogen until the material became a fine powder. Collected powder 
was resuspended in 10 ml of extraction buffer (0.25 M sucrose, 10 mM Tris-HCl, pH 8.0, 10 mM 
MgCl2, 1 % Triton X-100, 1 mM PMSF, 1x protease inhibitor cocktail for plant extracts (Sigma)) 
per each gram of material to lyse the chloroplasts. Then, nuclei were released by passing the 
samples through the douncer homogenizer with tight and loose pestles. Extract was filtered twice, 
first by using a 70 µm strainer and then a 40 µm strainer to obtain a clean nuclei suspension. After 
centrifugation at 4 ºC, 3000 x g, for 20 min, nuclei were resuspended in 150 µl of lysis buffer (50 
mM Tris-HCl, pH 8.0, 10 mM EDTA, 1 % SDS, 1 mM PMSF, 1x protease inhibitor cocktail for 
plant extracts (Sigma)) during 30 min to solubilize nuclear proteins. DNA was disrupted and 
samples homogenized by 10 cycles of sonication (30 seconds on/30 seconds off) performed in a 
Bioruptor®. Centrifugation at 4 ºC during 15 min at 20000 x g was used to separate soluble from 
insoluble proteins. Soluble proteins were quantified with the BCA protein assay (Pierce BCA 
Protein Assay Kit, Thermo Scientific). The amount of protein used for Western Blot was between 
50 µg to 100 µg depending of the experiment. Desired amount of protein extracts was diluted in 
1x Laemmly to SDS denature proteins and boiled for 5 min. Then, each sample was fractionated 
by SDS-PAGE electrophoresis in a 14 % Tris-glycine polyacrylamide gel.  
3.2.8 Western Blotting 
Proteins in the gel were transferred to a methanol-activated Immobilon-P membrane (0.45 µm, 
Millipore) for 90 min at 250 mA. Membrane blocking was carried out for 30 min with 5 % non-
fat milk in PBST (1x PBS, 0.1 % Tween-20) and then incubated overnight with the primary 
antibody against α-Myc (clone 4A6 Millipore; 1:3000) at 4 ºC. After three washes with PBS-T 
(10 min each) the membrane was incubated with the secondary antibody for 1h (Amersham ECL 
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rabbit IgG HRP linked (GE Healthcare Life Science) diluted 1:10000)). After three washes with 
1x PBS-T for 10 min, the membrane was treated with the Immobilon WB Chemiluminescent Kit 
for HRP substrate (Millipore) during 5min to detect the proteins and membrane was exposed to 
photographic film.    
3.2.9 Chromatin Immunoprecipitation 
Chromatin Immunoprecipitation (ChIP) was used to reveal H3K27me3 and H3K4me3 enrich in 
HTR6 gene and promoter with and without ABA treatment. ChIP was carried out according to 
published procedures (Desvoyes et al., 2018). Briefly, 7-days-old seedlings (wt) were grown in 
MSS media and then, half of the samples (4 g) were transfected to MSS containing ABA (50 µM) 
during 4 h. Roots from both conditions were harvested and crosslinked in 50 ml falcon tubes 
containing 1 % formaldehyde in PBS. Infiltration was performed by 3 rounds (2min On, 1 min 
OFF) of vacuum (85000 Pa) and the raction stopped by addition of glycine (125mM) with further 
5 min of vacuum infiltration. Three washes were carried out with milliQ water and then, roots 
were frozen in N2 liquid and kept at -80 ºC. Plant material was ground with liquid nitrogen. Each 
gram of sample was ressuspended in 10 ml of extraction buffer (0.25 M sucrose, 10 mM Tris-
HCl, pH 8.0, 10 mM MgCl2, 1 % Triton X-100, 1 mM PMSF, 1x protease inhibitor cocktail for 
plant extracts (Sigma)). In order to increase the yield of nuclei released, the samples were passed 
twice with loose and tight pestle in a douncer homogeneizer. After sequential filtration through 
100 µm and 40 µm strainer, the nuclei were collected by centrifugation for 20 min at 3000 x g 
and 4 ºC. The nuclei pellet was resuspended in 1 ml of lysis buffer (50 mM Tris-HCl, pH 8.0, 10 
mM EDTA, 1 % SDS, 1 mM PMSF, 1x protease inhibitor cocktail for plant extracts (Sigma)) and 
incubated for 15–30 min on a rotary shaker at 4 ºC to release chromatin. Chromatin fragmentation 
was carried out at high power mode for 30 cycles (30 seconds on/30 seconds off) in a Bioruptor® 
to obtain 100-500 bp sized DNA fragments. Soluble and insoluble fractions were separated by 
centrifugation during 5 min at 19000 x g and 4 ºC.  
Chromatin fragmentation was evaluated before proceeding with chromatin immunoprecipitation. 
An aliquote (30-60 µl) of soluble chromatin was transferred to another tube to reverse the cross-
links, overnight with 200 mM NaCl at 65 ºC with shaking in a Thermomixer (Eppendorf). RNA 
was digested with 0.1 U/µl RNase A/T1 mix (Thermo Scientific) during 1 h at 37 ºC with 
agitation. Then, proteins were removed with 50 µg/ml of proteinase K for 2 h at 37 ºC. Sonicated 
DNA was extracted with one volume of phenol:chloroform:isoamylalcohol (25:24:1) using phase 
lock gel tubes (3 Prime). The mix in phase lock tubes was centrifuged at 19000 x g for 5 min at 
room temperature. DNA was precipitated with 20 µg/ml glycogen, 1/10 of 3 M sodium acetate, 
pH 5.2 and 2.5 volumes of cold ethanol. After washing with 75 % ethanol, the DNA pellets were 
resuspended in nuclease free water. DNA was quantified using Quibit dsDNA High Sensitivity 
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assay kit (Life technologies). Assessment DNA fragments size was carried out by agarose (1 %) 
gel electrophoresis.    
The rest of soluble chromatin was transferred to a new tube and diluted ten times in ChIP dilution 
buffer (16.7 mM Tris–HCl pH 8.0, 167 mM NaCl, 1.2 mM EDTA, and 1.1 % Triton X-100, 1 
mM PMSF and 1x protease inhibitor cocktail) to reduce the SDS concentration up to 0.1 % 
maximum (1 ml of diluted chromatin was used per ChIP). Chromatin preclearing was performed 
during 1 h at 4 ºC with washed beads (Santo Cruz Biotechnology; 30 µl of protein G plus agarose 
beads per 1 ml of diluted chromatin) to eliminate contaminants. The supernatant was collected 
after spinning down the beads at 1000 xg and 4 ºC during 5 min. An input of 10 % was taken and 
kept (-20 ºC) and 1ug of pre-cleared chromatin was used per ChIP reaction.  
Antibodies used in each ChIP are indicated in the following Table 3.7. 
 
Antibody name Concentration Product reference 
Anti-total H3 2 µg Abcam ab1791 
Anti-rat IgG 2 µg Abcam ab6703 
Anti-H3K4me3 3 µg Abcam ab8580 
Anti-H3K27me3 5 µg Abcam ab6002 
 
Antibody incubation was carried out overnight at 4 ºC in a rotating wheel. Next day, chromatin 
was incubated during 2 h at 4 ºC in a rotating wheel with 50 µl pre-washed protein G Plus agarose 
beads to pull down the immune complexes. Beads were submitted to successive washes with four 
different buffers:   
- Low salt wash buffer (20 mM Tris–HCl pH 8.0, 2mM EDTA, 150mM NaCl, 0.1 % SDS, and 1 
% Triton X-100, 1mM PMSF and 1x protease inhibitor cocktail for plant tissues).  
- High salt wash buffer (20 mM Tris–HCl pH 8.0, 2 mM EDTA, 500 mM NaCl, 0.1 % SDS, and 
1 % Triton X-100, 1 mM PMSF and 1x protease inhibitor cocktail for plant tissues). 
- LiCl wash buffer (10 mM Tris–HCl pH 8.0, 1 mM EDTA, 0.25 M LiCl, 1 % Igepal CA-630, 
and 1 % sodium deoxycholate). 
- TE buffer (10 mM Tris–HCl pH 8.0, and 1 mM EDTA, 1 mM PMSF and 1x protease inhibitor 
cocktail for plant tissues). 
For each wash, first a quick wash was performed and then samples were incubated for 5 min with 
washing buffer at 4 ºC with rotation. To spin down the beads, tubes were centrifuged for 2 min at 
1000 x g at 4 ºC, and then the supernatant was discarded. Immune complexes were eluted from 
the beads by incubation twice the samples with 200 µl of pre-warmed elution buffer at 65 ºC 
Table 3.7 Antibodies used in each ChIP 
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under agitation for 15 min (freshly prepared; 1 % SDS, 0.1 M NaHCO3). The input volume was 
adjusted to 400 µl with elution buffer. Cross link reversion was performed as described 
previously. DNA was precipitated with 20 µg/ml glycogen, 1/10 of 3 M sodium acetate, pH 5.2 
and 2.5 volumes of cold ethanol. Washed with 75 % ethanol, and resuspended in 1x TE. ChIP 
was evaluated by quantitative real time PCR.   
Quantification of samples obtained from ChIP was done by qPCR using a standard curve of 
genomic DNA with known concentrations as reference. Primers are listed in the Table 3.8. Each 
sample was first normalized by the input and then against total H3 content.  
 








ChIP_HTR6_Pair4_R  AGCACGCTCTGCACGAATCC 
 
3.3 Cell biology techniques  
 3.3.1 Confocal microscopy 
Root of 5 to 6 days old plants were dipped in 10 µM FM4-64 (Life technologies) to stain plasma 
membranes images and were acquired using LSM710 or LSM800 confocal microscope (Zeiss). 
GFP signal was detected after excitation with 488nm laser and mRFP with 561nm laser.  
For fluorescence live imaging microscopy seedlings were grown for 5 days, transferred to a P35 
glass bottom dish (MatTek) and covered with a peace of MSS agar 1 % supplemented with or 
without ABA (50 µM). Images were acquired with a LSM800 inverted confocal microscope 
(Zeiss) every 30 min.  
Measure of fluorescent intensity of confocal images were proceeded in ImageJ v2.0.0-rc/59. In 
the case of images with Z-stack, fluorescence was measured after applied Z-stack maximum 
projection. For live imaging experiments, registration of images was realized with the StackReg 
plugin. Fluorescent intensity was measured as the integrity density of a determined ROI and 
statistical analysis was performed using Prism V5.0a.  
 
Table 3.8 Primers used for qPCR of ChIP samples.  
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3.3.2 Meristem cortex cells count and measure 
Seven days-old roots from wt and htr6-1 mutants were grown in MSS medium or in MSS medium 
complemented with ABA (50 µM) for the last 3 days. The cortex cells length and number of the 
wt and htr6-1 roots in both conditions were measured in cortex cell file from the QC until the first 
elongated cell. The measurements were carried out in ImageJ v2.0.0-rc/59 and statistical analysis 
in the Prism V5.0a 
3.3.3 Immunohistochemical assays 
Five day old seedlings were treated with 50 µM of ABA during 4h in liquid MSS. In experiments 
were cells undergoing S-phase were to be counted, at the end of the treatment with ABA, cells 
for were labelled for 10 min with 50 µM of the thymidine analog, EdU (5-ethynyl-2-deoxyuridine; 
Life Technologies), protected from the light. After washing once with MSS, the seedlings were 
fixed with 4 % of paraformaldehyde (Sigma) diluted in MTSB buffer (100 mM PIPES pH 6.9, 10 
mM EGTA, 10 mM MgSO4). The solution was infiltrated 20 min under vacuum (8 inches Hg) 
and protected from the light. Four washes of 10 min were performed with 1x MTSB buffer 
followed by four washes with PBS (two washes of 10 min and two washes of 5 min) and usually 
one wash of 5 min with H2O. Seedlings were placed on charged slides (Superfrost plus-Thermo 
scientific) and dried overnight protected from the light. A hydrophobic region around the 
seedlings was generated with pap-pen and then roots were rehydrated with 1x MTSB buffer for 
10 min at RT. Cell wall permeabilization was carried out with a driselase solution (20 mg / ml in 
1x MTSB) during 45 min at 37 ºC in a humid chamber. After four 5 min washes with PBS, 
membrane was permeabilized by incubating the root tips with 1x MTSB, 10 % DMSO, 3 % NP40 
for 1 hour. Roots were washed four times with PBS during 5 min and then the blocking was 
accomplished with 3 % BSA, 10 % Horse Serum (HS) in 1x PBS for 1 hour at 37 ºC in a humid 
chamber. The roots were then incubated with a primary antibody (Table 3.9) diluted in 1 % BSA, 
10 % HS, 0.1 % Tween-20 and 1x PBS for 1 hour or overnight at 4 ºC. Three washes with 3 % 
BSA-PBS were performed before the incubation with the secondary antibody (Table 3.9) diluted 
in 1 % BSA, 10 % HS, 0.1 % Tween-20 and 1x PBS for 1 hour. Three washes of 5 min with 1x 
PBS were carried out. Roots labelled with EdU were submitted to one extra step. EdU detection 
was carried out for 30 min, following the manufacturer’s instructions of Invitrogen Click-iT® 
imaging kit 647. Then, nuclei were stained for 15 min with 10 µg / ml of DAPI in PBS. Three 
washes with PBS and one with H2O were executed before the root tips were covered with 
























































      
3.3.4 Cell cycle progression assay 
In order to compare the cell cycle progression in presence or absence of ABA, 5 day-old seedlings 
were labelled with two thymidine analogs, EdU (200 μM) and BrdU (200 μM) (5-bromo- 2-
deoxyuridine; Sigma), to sequentially mark cells under S-phase. Each analog labelling was carried 
out for 30 min, separated with increasing chase time period with thymidine (200 µM) (0h-2h), in 
order to see cell cycle progression. Immunodetection was performed as described previously in 
section 3.3.5. The DNA was mildly digested with 0.003 U/µl DNase I RNase free (Roche) during 
1.5 h at 37 ºC in order to allow the anti-BrdU antibody access BrdU-labeled DNA. DNaseI was 
inactivated with several washes of ice-cold EDTA-PBS 8 mM.  Posterior steps of 
immunodetection, Edu detection and DAPI staining were performed as in 3.3.5 
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3.3.5 Fluorescence recovery after photobleaching (FRAP)  
Fluorescence recovery after photobleaching (FRAP) method was used to compare histones 
dynamics in vivo. Images were adquired on a Zeiss LSM800 confocal microscope. We used 488 
nm laser for excitation of GFP. After selection of the area of interest a stack of 15 to 20 pre-bleach 
images (pinhole 2.5 µm, 512 x 512 pixels) was acquired with a 1 µm step. Plants were prepared 
as described in confocal microscopy (3.3.1). After selecting the area of interest, two images were 
acquired and fluorescence was measured. Then, we selected a ROI inside the nucleus and 
photobleached it with the laser at maximum power, 100 %. After photobleaching, series of images 
were acquired every 5 minutes to measure the fluorescence recovery. Image processing and data 
analysis were executed with ImageJ Fiji v2.0.0-rc/59 and according to Rosa (2018) specifications.        
3.3.6 Flow cytometry of roots 
Flow cytometry was used to measure ploidy in roots after 3 days of treatment with ABA (50 µM) 
comparing roots exposed to stress (50 µM of ABA). Five mm of 7 day old plants were cut and 
chopped inside a petri dish in 500 µl of cold Galbraith buffer (45 mM MgCl2, 30 mM Sodium 
Citrate, 20 mM 4-MOPS pH 7.0; 0.1 % Triton X-100) to liberate nuclei. Samples were filtrated 
through a 30 µm filter to eliminate cell debris and avoid clogging of the flow cytometer. The 
collected nuclei were stained with 2 μg/ml of DAPI and analyzed with a FACSCanto II flow 
cytometer (Becton Dickinson). We used detectors that detect DAPI (FL7) at logarithmic scale 
and light scattered forward (FSC-A) to distinguish populations. The singlets we discriminated 
from aggregates by using FL8 detectors in a linear mode, a histogram against FL7-A was created 
to calculate the percentage of nuclei with 2C, 4C, 8C and 16C DNA content. 10000 events were 
count to measure ploidy of each type of sample (stresses and non-stressed). All this analysis was 
executed in FlowJo software.   
3.4 Bioinformatic analysis  
3.4.1 In silico promoter analysis 
The chromatin states (Sequeira-Mendes et al., 2014) and DNaseI cleavage pattern footprints 
(Sullivan et al., 2015) were analyzed in IGB genome browser. TF-binding site were obtained by 
scanning the motifs along 2.9 kb upstream sequences.  Position weight matrices (PWMs) for TF-
binding sequences (Franco-Zorrilla et al., 2014; Mathelier et al., 2014; Weirauch et al., 2014) 
were used to scan Arabidopsis promoter sequences using RSAT (Turatsinze et al., 2008).  
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3.4.2 RNA-seq data analysis 
The quality analyses of the sequencing of RNA extracts was performed over reads using FastQC 
software (Kim et al., 2015). Then, the reads were aligned against A. thaliana reference genome 
(TAIR10) using Hisat2 aligner (Robinson et al., 2011). The htseq-count software (Anders et al., 
2014) was used to count the reads mapping of each feature and the differential expression analysis 
was performed using Deseq2 (Love et al., 2014), an R software package. The gene expression 
data has been graphically shown in Volvano plot. The volcano plot shows the statistical 
significance, as the negative log10 of the False Discovery Rate (FDR) with adjusted p-value, 
combined with the log2 of the fold change between wt in ABA treatment for 10 min and htr6-1 

















4.1 Characterization of HTR6 histone. 
4.1.1 HTR6 share features with H3.1 and H3.3 
The histone H3 family encompasses 15 Histone Three Related (HTR) genes, including genes that 
encode the canonical H3.1 and variant H3.3. Previous studies have shown that histone H3.1 and 
variant H3.3 have different properties, are differently distributed along the genome and are 
deposited by distinct machinery (Stroud el al., 2012; Otero et al., 2016). Interestingly, those 
divergent features result from variations in only 4 amino acid residues at position 31, 41, 87 and 








A protein sequence blast of H3 family (WU-BLAST 2.0) (data not shown) indicated that other 
histone variants, share characteristics with H3.1 and with H3.3, regarding protein length and 
composition. Curiously, an H3 variant, HTR6, showed a high similarity with both H3.3 (94% 
protein homology) and H3.1 (93% protein homology), differing in only 7 and 9 residues, 
respectively. In fact, from the 4 residues that diverge between H3.1 and H3.3, HTR6 shares the 
position T31, H87 and L90 with H3.3 and F41 with H3.1 (Fig. 4.1 A). Moreover, there are 
Figure 4.1. Structure of HTR6, H3.1 and H3.3 proteins. (A) Alignment of Arabidopsis histones H3.1 
and H3.3 amino acid sequences with histone HTR6. The amino acids that are specific of HTR6 are 
highlighted in green. The four residues that diverge in H3.1 and H3.3 are represented in blue and red, 
respectively, depending on which homology these amino acids share with HTR6. (B) Schematic 
representation of histone H3 secondary structure. The N´terminal is represented by a tail preceding the 
αN helix while the C´terminal tail is after the α3 helix. Straight lines represent the loops and the 
cylinders are alpha helices. The scale of the picture is in correspondence with residue positions in A. 
(C) HTR6 structure prediction by the UCSF Chimera based on the H3.1 and H3.3 human nucleosomes 
crystallography models (Tachiwana et al., 2011). Protein Data Bank accession number: 3AV1 (H3.1) 







residues uniquely present in HTR6 (S6T17N62A132) and some amino acids that differ from H3.1 
and H3.3, but are also found in other H3 variants (H11 and V124), such as HTR14. These 
similarities and dissimilarities to canonical H3.1 and variant H3.3 lead the scientific community 
to consider HTR6 as an “unusual” histone due also to the fact that its function was unknown.   
Figure 1 B represents the H3 secondary structure, which is formed by the N-terminal tail that 
connects with the αN helix, three alpha helices (α1–α3) speared by short loops (L1 and L2), and 
the short C-terminal tail. The core structure of the histone includes the region from the beginning 
of αN helix until the end of α3 helix (Luger et al., 1997). The amino acids shown in the primary 
structure (Fig. 4.1 A) are in scale with the correspondent position in the secondary protein 
structure (Fig. 4.1 B). We used UCSF Chimera program to predict the tertiary and quaternary 
structure of HTR6 using as a reference the X-ray structure of human H3.1 and H3.3 nucleosomes 
(3AV1and 3AV2) (Tachiwana et al., 2011; Fig. 4.1 C). Human H3.1 and H3.3 proteins have a 
high homology with the corresponding ones present in Arabidopsis (97 % and 96% match for 
each one, respectively (BLASTp suit). Despite the slight differences found, our predictions 
indicate that HTR6 might adopt a structure similar to both human H3.1 and H3.3, which also 
suggests analogous interactions inside the nucleosome. The αN helix is still predicted to be 
located at the DNA entry/exit site of the nucleosome (Luger et al., 1997; Arents et al.,1991) while 
C- and N- terminal tails are unstructured (Fig. 4.1 C). Nonetheless, many of HTR6 residues 
(S6H11T17A132) that differ from H3.1 and H3.3 are located in its N and C-terminal. Since the 
different residues can undergo a plethora of distinct post-translational modifications (PTMs), 
influencing protein function and chromatin landscape regulation, it is conceivable that the unique 
amino acids of HTR6 could be fundamental to play new functions for this unusual H3 variant, as 
discussed later.  
4.1.2 In silico analysis of HTR6 gene and promoter 
HTR6 (AT1G13370) is localized in the chromosome 1 (from 4587780 to 4588661) of Arabidopsis 
thaliana in the Crick minus strand (-). The HTR6 gene encompasses 3 exons separated by two 
introns and encode a 136 amino acids protein (Fig. 4.2).   
Analysis of a compilation of genomic features in the Arabidopsis thaliana genome allowed to 
define 9 different chromatin states (Sequeira-Mendes, et al., 2014). State 5, as well as state 4, is 
characterized by high levels of H3K27me3 deposited by PRC2 proteins. In fact, our analysis 
showed that state 4 is prevalent downstream of the HTR6 gene. Looking at the promoter side of 
the HTR6 gene, 280bp chromatin upstream of the TSS, is covered by state 2. This state is 
characterized by the presence of the repressive modification H3K27me3 but also by the presence 
of active marks (H3K4me3). All these data indicate that HTR6 does not seem to be a particularly 
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active gene but, nonetheless, they also point to the possibility that, under appropriate stimuli, 
activation can be triggered. 
Around 0.7Kb upstream of HTR6, there is another gene called DUF1218 which encode a protein 
with a function in sodium/hydrogen exchanger. DUF1218 gene is covered by state 3 and 1, two 
sates that are enriched in active marks and depleted of Polycomb. The clear barrier between the 
repressive state of HTR6 and active states of DUF1218, suggests that the HTR6 promoter is 









In order to identify the most important regulatory regions and to define promoter length we 
analyzed a DNase I hypersensitive sites (DHSs) map generated for 7 days-old Arabidopsis 
seedlings (Sullivan, et al., 2014). DNase I endonuclease recognizes and cleaves accessible 
chromatin. TF occupancy triggers an atypical DNaseI cleavage pattern, called footprint, allowing 
the identification of trans-acting factors occupancy regions. According to the DNase I map, the 
intergenic region between the HTR6 and DUF1218 gene covered by state 2 and 5 is enriched in 
cis- acting regulatory elements (Fig. 4.2), supporting the notion that the HTR6 promoter might 
Figure 4.2. Genomic landscape of the HTR6 gene in chromosome 1. The HTR6 gene is represented in 
light green while the upstream gene is in black. Squares inside the genes spared by lines are exons and 
introns, respectively. The arrows represent the direction of transcription. Chromatin states 
encompassing different genomic elements are symbolized by boxes with different colors: state 1- active 
gene (red); state 2- proximal promoters (salmon); state 3- 5´end of genes (pink); state 4- intergenic (dark 
yellow); state 5- PcG (grey) (Sequeira-Mendes et al., 2014). DNase I digestion pattern is shown in dark 
green (Sullivan et al., 2014). The predicted TF binding sites located in the 0.7 Kb upstream region of 
the HTR6 gene are represented in grey. This analysis was carried out with the IGB genome browser. 
Note that states 6 to 9 are not present in the window analyzed. 
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encompass the upstream 0.7Kb. TFs are essential regulators of gene expression that preferentially 
recognize specific DNA consensus sequences, also known as cis regulatory elements (Todeschini 
et al., 2014). Based on cis- regulatory element screenings, we scored which TFs could potentially 
bind the 0.7kb region upstream of HTR6. TFs that respond to osmotic stress such as MYB, 
AP2/ERF, DREB, WRKY and GATA showed the higher scores, which means that they are more 
prone to bind to the HTR6 promoter. Putative binding sites of higher score TFs are represented in 
Fig. 4.2 and Table 4.1. This suggests that HTR6 as a potential role in abiotic stress response.  
 
TF family 
Position upstream of 
HTR6 TSS 
TF family 
Position upstream of 
HTR6 TSS 
Myb -18 WRKY -209 
AP2/DREB -150 GATA -248 
Myb -153 WRKY -384 


















Table 4.1. Potential position of predicted TF binding sites in the HTR6 0.7 Kb upstream region. 
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4.2 Regulation of HTR6 expression 
4.2.1 HTR6 expression is induced by abiotic stress  
High salt or drought provoke an osmotic stress that trigger ABA response in plants (Boudsocq 
and Laurière, 2005). In order to check if HTR6 expression is induced after osmotic stress, we 
analyzed HTR6 transcript levels in wild type (wt) Columbia (Col-0) seedlings after exposure to 
an abiotic stress mimicked by a treatment of seedlings with high concentrations of NaCl (140 
mM) or ABA (50 µM). Expression of HTR6 increased after plants were submitted to stress 
conditions during 4 h (Fig. 4.3 A), supporting the in silico results that suggest that HTR6 might 
have a role in the abiotic stress response. Strikingly, high concentrations of ABA caused higher 
effects on the accumulation of mRNA, resulting in a 5-fold increase in the expression of HTR6, 








It is postulated that treatment with different ABA concentrations can produce distinct responses 
in plants (Ghassemian et al., 2000). Concentrations below 1µM stimulate plant growth while 
higher concentrations have the opposite effect, restricting plant growth (Ghassemian et al., 2000). 
Thus, we compared HTR6 expression levels in plants treated with four different ABA 
concentrations, varying from 1µM up to 100µM. As it can be seen in Fig. 4.3 B, HTR6 expression 
increased in a dose-dependent manner reaching higher values in plants exposed to 100µM ABA,. 
Unless otherwise stated, we used a concentration of 50 µM ABA in the subsequent experiments, 
that produced significant HTR6 expression without drastically affecting plant growth.  
 
Figure 4.3. HTR6 expression after abiotic stress exposure. A) HTR6 expression in 7 days-old wt (Col-
0) seedlings after 4hours exposition to stress conditions (140 mM of NaCl or 50 µM of ABA) versus 
controls (MSS and Mock). B) Effect of different exogenous ABA concentrations on HTR6 expression 
in 7 days-old seedlings (4 hours treatment). Mock samples were seedlings treated with methanol (where 
ABA is dissolved) during the same period of time. Error bars represent standard errors of the mean 




4.2.2 HTR6 expression is mainly induced in roots  
Abiotic stress triggers responses in several plant tissues (Dinneny et al., 2008). In Arabidopsis, 
expression of H1.3 histone is induced in various tissues and organs in response to abiotic stress, 
except in stomata cells, where it is constitutively expressed, even in absence of stress (Rutowicz 
et al., 2015). Based on this example, we wondered if HTR6 could be differentially expressed in 
the shoot and root. We found that, upon ABA treatment, higher expression values of HTR6 were 
detected in roots (3.7 fold increase) when compared to the shoot part of the seedling (2.2 fold 
change) (Fig. 4.4 A). No differences were detected in HTR6 expression in mock conditions 







To determine whether the HTR6 gene activation after stress exposure is translated into increasing 
levels of protein we carried out the analysis of HTR6 protein levels by western blot. In the absence 
of an antibody that specifically recognizes HTR6, we generated a transgenic plant expressing 
HTR6 fused to a MYC tag under the regulation of its native promoter (Fig.4.4 B). Anti-Myc 
antibody was used to detect HTR6-Myc protein by western blot. Western blot of shoot and root 
nuclear extract, is consistent with the mRNA levels, showing a higher level of HTR6 being 
induced in roots than in shoots.   
Figure 4.4. Expression of HTR6 in roots and shoots. A) HTR6 RNA expression level in shoots and roots 
with and without ABA. Error bars represent standard errors of the mean based on 2 biological replicates. 
B) Scheme representing the construct (~2.5 Kb) used to generate transgenic plant expressing HTR6-
Myc. Light green box represents the promoter; dark green boxes represent exons and the lines represent 
introns. C) Western blot analysis of shoot (S) and roots (R) nuclear extracts of Col-0 and HTR6-Myc 





4.2.3 Disruption of ABA signaling pathway impairs HTR6 induction under stress conditions. 
 As mentioned before (Results section 4.2.1), exogenous ABA application in the media affects 
plant growth (Ghassemian et al., 2000).  To better establish the effect of external application of 




As it is shown in Fig. 4.5, after 8 days, plants exposed to ABA showed a restricted growth when 
compared to plants grown in MSS (Fig. 4.5A). Roots under ABA treatment grew significantly 
less, reaching a total length of 4 cm on average, while plant roots without treatment were able to 
reach a mean length value of 7.5 cm (Fig. 4.5B). Although for this experiment leaf size was not 
quantified, it is possible to visualize on Fig. 4.5A that leaves of ABA treated plants seem to be 
smaller and decolored when compared to plants grown in MSS.  
The ABA signaling pathway encompasses several elements, including specific receptors, such as 
PYR/PYL/RCAR, kinases and transcription factors that bind promoters of target genes at the end 
of the activation pathway (Fig. 4.6A). In order to determine the extent to which ABA is required 
for HTR6 induction we evaluated the HTR6 expression levels in mutants of distinct elements of 
the ABA signaling pathway. First, we investigated the HTR6 expression in two ABA insensitive 
(abi) transcription factor mutants, abi4-1 and abi5-1. Loss of function of these genes implies that 
their target genes are no longer activated after ABA exposure. We observed that after ABA 
treatment, levels of HTR6 slightly increase in abi mutants, indicating that HTR6 might not be a 
direct target of ABI4 or ABI5 (Fig. 4.6 B).  
 
Figure 4.5. Effect of ABA on root growth. A) 
Phenotype comparison of 8 days-old plants grown 
without stress (MSS) and with ABA (MSS+ABA 
50 µM). B) Average root length (cm) in both 
conditions. n=10; error bars: standard deviation; ** 













Upstream in the ABA response pathway, a group of kinases denominated, sucrose nonfermenting-
1 (SNF1) related protein kinase 2s (SnRK2s), have an important role in the phosphorylation 
events that are essential for the progression of the signal (Fig. 4.6 A). We analyzed the HTR6 
mRNA levels in a double mutant of SnRK2s kinases, snrk2.2/snrk2.3. HTR6 induction in this 
mutant was slightly weaker compared to wt (Col-0), suggesting that these factors could be 
implicated in HTR6 regulation (Fig. 4.6 B). However, other SnRK2 kinases exist in the signaling 
pathway and might also be participating in HTR6 induction. We also determined that HTR6 
induction was completely impaired in plants deficient in ABA perception due to the mutation of 
six ABA receptors, pyr1 pyl1 pyl2 pyl4 pyl5 pyl8 (abbreviated as 112458; Fig. 4.6 B).  Altogether, 
these results demonstrate that HTR6 induction is dependent on ABA.  
4.2.4 Chromatin environment changes in the HTR6 gene and promoter during abiotic stress 
The study of chromatin states (Sequeira-Mendes et al., 2014) indicates that HTR6 promoter is in 
part covered by a repressive epigenetic mark, H3K27me3, that is deposited by the Polycomb 
complex, PRC2. Furthermore, marks associated with active transcription, such as H3K4me3, are 
not frequent in this region. Nonetheless, this chromatin landscape study was performed in 
Figure 4.6. Influence of ABA pathway elements on HTR6 expression. A) Simplified scheme of the 
ABA signaling pathway in the absence (left side) and presence (right side) of ABA. In the absence of 
ABA, PPC2s inactivates subclass III SnRK2s kinases, which impair the activation of ABA responsive 
genes.  In the presence of ABA, the PYR/PYL/RCAR receptors suppress PP2Cs phosphatase activity, 
allowing the activation of subclass III SnRK2s kinases. SnRK2s subsequently phosphorylate 
AREB/ABFs transcription factors, which recognize ABRE elements in the genome, activating ABA 
responsive genes. Adapted from (Fernando and Schroeder, 2015). B) Relative HTR6 expression levels 
in different ABA pathway mutants using wt as reference. The pyl 112458 sextuple mutant is ABA-





seedlings (10-day-old) grown without stress. Exposing seedlings to an environmental stress could 
completely alter chromatin leading to new scenarios. Thus, to determine whether alterations in 
the chromatin landscape occur upon exposure to ABA, we performed a Chromatin 
Immunoprecipitation assay (ChIP) in roots of plants either untreated or treated with 50µM ABA. 
We used antibodies against the repressive mark, H3K27me3, and the active mark, H3K4me3 (Fig. 
4.7).   




For this analysis, different regions of HTR6 locus were selected (Fig. 4.7A). Levels of active mark 
H3K4me3 were largely maintained, after ABA treatment, in the majority of the regions analyzed, 
with the exception of a slight increase detected in exon 2 (Pair 3) and a decrease at the beginning 
of the gene (Pair 2 at Exon 1) (Fig. 4.7C). On the contrary, we observed a general decrease in the 
enrichment of H3K27me3 all over the HTR6 locus. Altogether, these results point towards a 
change in the chromatin environment of HTR6 gene after ABA exposure, which seems to be 
associated with a decrease of the repressive marks deposited by the PRC2 complex. 
Figure 4.7. Chromatin landscape 
alterations in the HTR6 gene and 
proximal promoter after ABA 
treatment (50 µM during 4h) in 7 
days-old roots. A) Schematic 
representation of the HTR6 gene 
and the regions analyzed. Dark 
green boxes represent the exons; 
lines between exons represent the 
introns; light green boxes 
represents the proximal promoter; 
arrow indicates transcription 
orientation; pair 1 to 4 indicate the 
regions analyzed by qPCR. B) 
ChIP analysis of H3K27me3 
(repressive mark). C) ChIP 








To further investigate if HTR6 is a target of Polycomb complex, we evaluated the levels of HTR6 
transcription in a mutant of CURLY LEAF (CLF) subunit, clf29 (Fig. 4.8). CLF, together with 
SWINGER and MEA, are subunits of the PRC2 complex that contain a SET domain responsible 
for histone H3 methylation on lysine 27. The clf29 allele is a null mutant, meaning that no protein 
or transcript is detected in the plant, however the mutant phenotype is weak due to the presence 




As shown in Fig. 4.8, in absence of ABA, HTR6 transcript level is slightly higher in the clf29 
mutant compared to wt (Col-0), although, the difference is not significant. After ABA treatment, 
HTR6 is also induced at higher level in the clf29 mutant, however, the difference is still not 
significant. Thus, we can conclude that i) derepression in the single clf29 mutant is not effective 
probably because of the presence of other methyltransferase such as SWN that is able to deposit 
H3K27me3, and ii) if the transcription factors responsible for ABA response are not activated, 











Figure 4.8. HTR6 expression levels in wt and clf29 mutant in 
roots of 5 day-old seedlings, in the presence and absence of 




4.3 HTR6 Dynamics  
4.3.1 Spatio-temporal dynamics of HTR6 during abiotic stress along the root 
It has been postulated that ABA response in plants is initiated very early after the exposition to 
an abiotic stress (Kollist et al., 2019).  We found that HTR6 expression in roots is induced by 
ABA, but the kinetics of the induction has not yet been uncovered yet. Thus, we measured relative 
HTR6 mRNA levels in 7 days-old wt roots at different times after ABA treatment (Fig. 4.9). As 
a control we also measured expression levels of HTR6 in samples growing without ABA (Mock). 
HTR6 expression increased gradually until reaching a peak at 4 h, and then slightly decrease, 
although, without diminishing to basal levels (Fig. 4.9). Interestingly, during the first thirty 
minutes after stress induction, HTR6 mRNA levels increased to almost the double compared to 
the untreated control, suggesting an early role in abiotic stress response.  
 
 
To further clarify the spatio-temporal dynamics of HTR6 along the root, we generated transgenic 
plants carrying HTR6-GFP fusion protein under the control of its native promoter (Fig. 4.10 A). 
In general, nuclei containing HTR6-GFP were detected only after ABA exposure (Fig. 4.10 B). 
Nuclei with high fluorescence level were visualized after 3 hours of treatment, however, as soon 
as 1 h after ABA exposure, we could already detect few nuclei containing a low HTR6 signal. 
Despite we demonstrated that HTR6 mRNA level reached a maximum after 4 h treatment and 
decreased afterwards (Fig. 4.9) the accumulation of HTR6-GFP protein seems to be stable from 
3 h to 24h after ABA treatment (Figure 4.10 B).  
The anatomical organization of the Arabidopsis root allows to identify easily the different 
developmental domains as well as the distinct tissues that constitute the roots (Petricka et al., 
2014). To determine HTR6 distribution along the root we studied in detail 5 days-old roots treated 
with ABA for 4h by confocal microscopy (Fig.4.11), as this time point previously gave us the 
highest HTR6 expression levels. We observed that HTR6 is mainly present in a subset of cells at 
the transition/elongation zone and in the lateral root cap (Fig. 4.11).  
Figure 4.9. HTR6 expression time 









However, HTR6 is induced in the transition zone/elongation zone but absent either in the 
proliferative cells (Fig. 4.11) and in the differentiation zone (data not shown). Furthermore, it is 
detected only in the most external tissues, such as root cap, epidermis and cortex, which suggests 
that these tissues could have a particular role during the stress response.  
Figure 4.10 Spatio-temporal induction of HTR6 during abiotic stress along the root. A) Schematic 
representation of the transgene construct including HTR6 promoter and gene fused with GFP. Dark 
green boxes represent the exons; lines between exons represent the introns; light green box represents 
the proximal promoter; GFP tag is represented by an oval. B) HTR6 expression pattern along the root 






We, then, visualized HTR6-GFP by live imaging in 5 days-old seedlings to monitor HTR6 
dynamics. First we exposed seedlings expressing HTR6-GFP to ABA (50 µM) for 3h and, then 
we imaged the roots every 30 min until 7.5h of ABA exposure (Fig. 4.12).   
During the course of the experiment we could detect nuclei that start to accumulate HTR6  
showing that the loading process occurred in a short window of ~30 min and that HTR6-GFP 
reach a maximal intensity after ~1h (Fig. 4.12, white arrowhead). Degradation is not so fast and 
occurs in a range of 2 to 3h (Fig. 4.12, red arrowhead). We were not able to detect incorporation 
and degradation of HTR6 in single nucleus, which make difficult to estimate how long HTR6 is 
maintained in the nucleus. However, we found that some nuclei have a relatively high level of 
HTR6-GFP during the 7.5h of the experiment indicating that the protein is present, at least, for 
that period of time  (Fig. 4.12, blue arrowhead).  
 
Figure 4.12. Live imaging 
visualizing HTR6 
dynamics in a root treated 
with ABA (50 µM) during 
3 to 7.5h. White arrowhead 
point to cell that de novo 
incorporating HTR6. Red 
arrowhead marks HTR6 
degradation; and blue 
arrowhead indicates nuclei 
that maintain HTR6 level 
during the course of the 
experiment.   
 
  
Figure 4.11 HTR6-GFP 
expression pattern in the 
epidermis along the different 
root developmental domains 
(Root apical meristem, 
transition zone and elongation 
zone) after plants being 
exposed to 4 hours of ABA 




4.3.2 Degradation of HTR6 is dependent of the proteasome complex 
A lot of intracellular proteins are degraded by the ubiquitin-proteasome system (Etlinger and 
Golberg, 1977). In order to assess if it is also the case for HTR6, we treated HTR6-GFP expressing 
plants with different proteasome inhibitors, such as bortezomib, MG132 and epoxomicin, that 
impair the catalytic site of 26S proteasome inhibiting its function. HTR6-GFP plants were treated 
with ABA with and without Bortezomib (Bonvini et al., 2007) or MG132 plus epoxomicin during 
4h. In both cases we could detect an accumulation of HTR6 in presence of the inhibitors (Fig. 
4.13 A) with more HTR6 per nuclei and more nuclei containing HTR6 (Fig. 4.13 B). Bortezomib 
treated plants accumulate more HTR6 than MG132 + Epoxomicin treated plants (80 nuclei/root 
with a mean fluorescence intensity of ~70.000 versus ~60 nuclei/root with a mean fluorescence 
intensity of ~60.000 respectively), significantly higher than plants treated only with ABA (~25 
nuclei/root with a mean fluorescence intensity of ~30.000) (Fig. 4.13 B). These experiments 
showed that bortezomib seems to be a more efficient inhibitor than the combination MG132 + 
epoxomicin and unequivocally indicate that 26S proteasome target HTR6 for degradation.  
 
 
4.3.3 HTR6 dynamics during endocycle 
HTR6 is not constitutively present in all cells of the root and even inside the region of expression 
there is only a subset of cells that contain the histone at any given time. This suggests that HTR6 
could be cell cycle regulated, being present only in specific phases of cell cycle. Interestingly, we 
observed that the majority of cells containing HTR6 are located in the transition zone, where the 
Figure 4.13. HTR6 expression pattern after treatment with ABA and proteasome inhibitors for 4h. A) 
HTR6 expression pattern along the root in the different treatments.   B) Number of nuclei/root and 




switch from mitotic cell cycle to endocycle occurs, generating polyploid cells (De Veylder et al., 
2011; Edgar et al., 2014). Thus, we sought to identify which percentage of cells containing HTR6 
were under S-phase. To address this question we labeled cells with a thymidine analog, EdU, 
which is incorporated into newly synthesized DNA and allows the detection of cells in S-phase. 
After treating the seedlings with ABA for 4 hours we labeled them with EdU during the last 30 
minutes (Fig.4.14 A) and checked the colocalization of HTR6 and EdU by immunofluorescence 






We found that ~ 82 % of cells that contained HTR6 were in S-phase (Fig.4.14 B). According to 
the EdU pattern, the S-phase can be divided in 3 stages: early, mid and late (Masai et al., 2010; 
Dvořáčková et al., 2018; Fig.4.14 B). Homogenous staining of EdU in the whole nuclei, with 
eventually lower signal in the nucleolus, marks cells in early and mid-S phases and corresponds 
to the period when euchromatin is duplicated. Whereas, during the late S phase, heterochromatin 
is duplicated, and the EdU pattern can be recognized as dotted structures observed in the periphery 
of the nucleus (chromocenters). HTR6 is present in very low amounts in nuclei that are in early 
S-phase while amounts of HTR6 in mid S-phase nuclei are high.  Our results indicated that most 
of cells expressing HTR6 are in late S phase (50 %), but strikingly, HTR6 is intensively present 
in euchromatin and absent in chromocenters (Fig.4.14 B and C). Altogether, these results suggest 
that maximum levels of HTR6 are reached during the mid-S phase and are maintained in 
chromatin beyond the S-phase. 
Figure 4.14 HTR6 expression during S-phase in endocycling cells. A) Schematic representation of the 
experimental design. Roots were treated with 50 µM of ABA during 4h and labeled with EdU during 
the last 30 min. B) Distribution of cells expressing HTR6 depending on their EdU pattern. Cells in S-
phase were divided in early/mid and late depending of the pattern observed in C. C) EdU and HTR6 






Nonetheless, we wondered how the mitotic cell cycle and the endocycle are affected in roots 
exposed to ABA. To address this, we quantified cells in S-phase in the proliferation zone and in 
the transition zone in the presence and absence of 50 µM ABA. Total nuclei were visualized after 
DAPI staining. In general, roots treated with ABA presented a reduced number of replicating cells 
(Fig. 4.15). However, the highest difference was seen in the RAM, that contained 39% of 
replicating cells in absence of ABA, and only 21% in the presence of ABA. In the elongation 
region, roots exposed to ABA have also less endoreplicating cells (~28%), than untreated roots 
(~36%).  These data suggest that ABA have an effect on cell cycle progression.  
 
To assess whether ABA treatment affects S-phase progression we used an experimental strategy 
that relies on the use a double pulse labeling with two thymidine analogs. First, we pulsed-labeled 
cells with EdU (30 min) and then with BrdU (30 min) leaving different chase times, while 
maintaining cells in the presence or absence of ABA for the entire experiment (Fig, 4.16 A). When 
no chase time was allowed in between the two pulses (Fig.   4.16 A, left) almost all nuclei are 
labelled with the two analogs (orange nuclei). Separating the two pulses allowed cells to progress 
during the endocycle and, at the time of the second pulse, some of them have left the S-phase and 
are no longer labeled (red nuclei) whereas others have entered the S-phase and are now labeled 
with the second analog (yellow nuclei; Fig. 4.16 A). Those still remaining in S-phase will 
incorporate the second analog (orange). Therefore, the rate of decrease in the amount of doubly-
labeled nuclei (orange) is a proxy of S-phase progression. 
 In the absence of ABA, we observed a gradual decrease in the amount of doubly-labeled nuclei 
with increasing chase times (80%, 55%, 36% with 0, 1 and 2h chase, respectively; Fig.   4.16 C). 
A concomitant increase in cells entering S-phase (yellow nuclei; 7%, 18%, 32% with 0, 1 and 2h 
chase, respectively.) and in cells leaving S-phase (red nuclei, 11%, 27%, 32% with 0, 1 and 2h 
chase, respectively). Treatment with ABA produced a severe effect on S-phase progression since 
we observed both a decreased reduction rate in the amount of doubly-labeled nuclei (98%, 67%, 
62% with 0, 1 and 2h chase) and a decreased amount of nuclei entering (1%, 14%, 18%) or leaving 
Figure 4.15 Average number of replicating cells in 
meristematic and transition regions after 4h ABA 
exposure and EdU labeling during the last 30 min. 
These regions were analyzed in presence and absence 





S-phase (1 %, 19%, 20%). These results indicate that in the presence of ABA cells suffered a 










Figure 4.16 S-phase progression of root cells treated with and without ABA. A) Schematic 
representation of the experimental design. Roots were treated with ABA (50 µM) for distinct periods of 
time (from 1h to 3h) and a double pulse of 30 min was carried out at the beginning of the experiment, 
with EdU (red) and at the end with BrdU (yellow). Thymidine was used in the different chase times 
between pulses (from 0h to 2h). Controls without ABA (mock) were also used. B) Percentage of labeled 
cells in each phase analyzed. Cells entering in S-phase are labeled with BrdU only (yellow), the cells 
that leave S-phase are marked with EdU only (red) and those still in S-phase are marked with both 







To further decipher the effect of ABA on cell cycle, we analyzed a reporter line expressing cell 
cycle phases markers that identify cells in G1 (CDT1a-CFP), in S-G2 (H3.1-mCherry) and in 
G2/M (CYCB1;1-YFP).  Confocal live imaging of these roots showed that cells in the meristem 
and in the transition/elongation zone are differently affected by ABA. In the root meristem, during 
the 5h time course of ABA treatment the number of cells in G1 (blue cells) increases and 
concomitantly, the number of cell in S-G2 (red cells) decreases indicating that ABA arrest the 
cell cycle in G1 (Fig. 4.17). However, in the transition/elongation zone, we observed a progressive 
decrease of CDT1a-CFP labeling cells in G phase, while the histone H3.1, which is incorporated 
in S-phase, is maintained. These data are in agreement with our previous observations that S-
phase is slowed down in endoreplicating cells and interestingly suggest that mitotic cycle and 
endocycle are differently regulated by ABA.  
 
 
4.3.4 HTR6 is present in euchromatin and co-localizes with active transcriptional marks.  
Eukaryotic cell nuclei possess a spatial-temporal organization that enables to discern the different 
chromatin territories of euchromatin and heterochromatin (Guo and Fang, 2014). As previously 
mentioned, euchromatin, which is the “open” chromatin that is associated with transcription, is 
localized in the central domain of the nucleus, while the constitutive heterochromatin (Heitz, 
1928), the condensed chromatin associated with silent regions, is mainly organized in 
chromocenters in the periphery of the nucleus (Sun et al., 2001; Fransz et al., 2003).  
As described earlier, immunolocalization of HTR6 in EdU labeled roots unveiled that HTR6 
seems to be present in euchromatin and absent in heterochromatin (Fig.4.14B). To further 
characterize HTR6 distribution inside the nucleus, we performed an immunohistochemical assay 
Figure 4.17 Time course of 
cell cycle progression in 
root treated with ABA. 
Root expressing cell cycle 
markers, treated with ABA 
(50 µM), were followed for 
5h using live imaging. 
Images were taken every 
20 minutes. CDT1a was 
used as a G1 marker (Blue); 
CYCB1;1 was used as a 
G2/M marker (green); H3.1 
histone (red) is 
incorporated during S-
phase and maintained 





to detect post-translational modifications of H3 associated with different chromatin regions. 
H3K9me2 and H3K27me1 are marks of constitutive heterochromatin, enriched in repetitive 
regions and TEs. Fig. 4.18 shows that HTR6 does not colocalize with neither of these marks. 
Although, some abiotic stresses, like heat, led to chromocenter disruption (Pecinka et al., 2010), 
our analysis led us to infer that ABA treatment does not disturb chromocenter organization.  
 
The H3K27me3 mark is a repressive mark present in facultative heterochromatin, enriched in 
silenced Polycomb-regulated genes mainly related with development programs. The patterns of 
HTR6 and H3K27me3 do not completely overlap (Fig. 4.18). The H3K4me3 mark, which is 
present in actively transcribed regions, colocalizes with HTR6 suggesting that this histone could 
have a role in transcriptional activation. In all the scenarios analyzed, HTR6 binding regions 
overlap with regions stained by DAPI which indicates that HTR6 is bound with chromatin in 
nuclei.  
4.3.5 HTR6 has a higher turnover than H3.1 and H3.3.  
After incorporation of H3.1 into chromatin in a replication dependent manner during the S-phase 
of the cell cycle, it is maintained and therefore enriched in heterochromatin regions. On the 
contrary, H3.3 is constitutively expressed deposited in a cell cycle-independent manner and is 
associated with actively transcribed regions (Stroud et al., 2012; Otero et al., 2016). Our previous 
results indicate that HTR6 has similarities with both H3.3 and H3.1, as it is mainly present in S-
phase, such as H3.1, and is associated with histone marks typical of actively transcribed regions, 
such as H3.3.    
To further compare HTR6 with H3.1 and H3.3, we crossed pHTR6::HTR6-GFP with 
pHTR5::HTR5-mRFP (H3.3) and pHTR13::HTR13-mRFP (H3.1). We observed that the 
presence of HTR6 in the nucleus does not modify the patterns of both H3.1 and H3.3, coexisting 
Figure 4.18 Immunohistochemical 
assay of nuclei to visualize HTR6-
GFP and chromatin marks of histone 
H3. Roots were treated with ABA 




in the same nucleus (Fig. 4.19). As expected, there is a higher overlap in the distribution patterns 
of the HTR6 and H3.3.  
 
To further characterize the features of HTR6 compared to H3.3 and H3.1 we measured the 




A typical FRAP experiment consists of three phases. First, the initial fluorescence intensity is 
measured, then, a high power laser pulse is used to photobleach the fluorophore in the region of 
interest (ROI) (in our case, the entire nucleus), and finally the recovery of the fluorescence in that 
region is measured in a time-course series of image captures, allowing the measurement of protein 
turnover (Rosa et al., 2018). Protein turnover is defined as the time required for newly synthesized 
non-bleached protein to exchange with the bleached proteins. If the protein is dynamic and newly 
synthesized, the fluorescence intensity increases until it reaches a plateau. The time needed to 
reach this plateau is considered the Tmax.  
Figure 4.19 Immunolocalization of HTR6 (green), H3.1 (blue) 
and H3.3 (red) in cells from the transition zone of the root.  
  
Figure 4.20 Quantitative analysis of FRAP assay measuring the turnover of histones HTR6-GFP, H3.1-
GFP and H3.3-GFP during ABA treatment (50µM). Measured nuclei were located in the 
transition/elongation region of root. Unbleached HTR6-GFP are represented in grey, HTR6-GFP in 




After bleaching, HTR6 (green) needs less time to reach the maximum recovery of fluorescence 
levels (Tmax= 20 min) when compared with H3.1 (blue) (Tmax= 70 min) or H3.3 (red) (H3.3 
Tmax superior to 100 min) indicating that it has a fast recovery. Moreover, HTR6 was able to 
reach almost the initial fluorescence while H3.1 recovered only ~50% of its initial fluorescence 
(Fig. 4.20). This difference suggests that many bleached H3.1-GFP proteins are not being 
substituted by new H3.1-GFP, consistent with their exclusive deposition during replication. 
Furthermore, after reaching the plateau the levels of fluorescence of both HTR6 and H3.1 start to 
decrease highlighting the cell cycle dependent dynamics of these proteins. Although the plateau 
of H3.3 recovery is not reached within the time of the experiment, we observed a gradual 
exchange of newly synthesized proteins. To summarize, it seems that HTR6 has a much higher 
turnover than H3.1 and H3.3, representing a unique property of HTR6.  
4.3.6 HTR6 dynamics is severely affected by transcriptional impairment 
To define whether HTR6 turnover is dependent of DNA replication, transcription or both we 
carried out FRAP experiments in the presence of specific inhibitors. Aphidicolin is a drug that 
leads to replication fork stalling and DRB inhibits the passage of RNA polymerase II from the 
initiation to the elongation transcription state. We first confirmed the drug efficiency inhibiting 
DNA replication and transcription by EdU and EU labeling, respectively and showed that the 
incorporation of both analogs is completely abolished (Fig. 4.21).  
 
Figure 4.21 Effect of aphidicolin and DRB on 
replication and transcription in wt roots. A) 
Col-0 plants were incubated  during 3h with 
and without 0.24µg/mL of aphidicolin and 
pulse labeled with EdU the last 15 min.  B) 
Col-0 plants were incubated  during 3h with 
and without 0.2mM of DRB during 3h and 






We then measured by FRAP the dynamics of HTR6 in presence of these two drugs.  As seen in 
Fig. 4.22, both treatments affected the recovery of HTR6-GFP fluorescence, indicating that the 
inhibition of either processes, replication and transcription, contributed to a reduction in HTR6 
dynamics. However, transcription inhibition abolished almost completely HTR6 turnover. This 
strongly reinforces the idea that HTR6 deposition could be related with the transcription process, 





4.3.7 HTR6 deposition is independent of CAF-1  
CAF-1 complex, which is composed of the FAS1, FAS2 and MSI1 subunits, is responsible for 
H3.1 incorporation in a DNA replication-dependent manner (Smith and Stillman, 1989; Kaya et 
al., 2001; Hennig et al., 2003; Polo and Almouzni, 2006; Reyes, 2006). A null mutant of the FAS2 
subunit, fas2-4, is viable but displays a phenotype with short roots, due to a reduction in the 
elongation zone and severely disturbed cellular and functional organization of the root meristem 
(Leyser, 1992; Kaya et al., 2001; Exner et al., 2006; Ramirez-Parra and Gutierrez, 2007). The 
levels of heterochromatin are also reduced in this mutant and there is an increased amount of H3.3 
at these domains to compensate for H3.1 decrease (Schonrock et al., 2006; Otero et al., 2016).   
FRAP experiments indicated that HTR6 has a higher turnover than H3.1, although, both are 
predominantly present at S-phase in endocycling cells. Furthermore, despite the fact that 
transcription inhibition had a strong effect on HTR6 dynamics, replication impairment also causes 
a decrease of HTR6 turnover. To determine whether HTR6 deposition depends on CAF-1 we 
Figure 4.22 Quantitative analysis of FRAP assay to determine the dependence of HTR6 dynamics on 
DNA replication and transcription. Plants were treated with ABA (50µM) for 3 hours and aphidicolin 
(0.24µg/mL) or DRB (0.2 mM) were added during the last 2 hours and imaged were acquired with a 
confocal microscope every 10 min. Unbleached HTR6-GFP are represented in grey; HTR6-GFP treated 





expressed pHTR6::HTR6-GFP in a fas2-4 mutant background. We observed that the presence of 
HTR6-GFP at the transition zone of fas2-4 roots treated with ABA, demonstrating that HTR6 
incorporation occurs in a CAF-1 independent-manner (Fig 4.23).          
 
But contrary to what occurs with H3.3 that is incorporated in heterochromatin in fas mutants, we 
could not detect a change in HTR6 distribution to compensate for the H3.1 decrease. 
4.3.8 HTR6 incorporation is dependent of HIRA and DEK 
HIRA, together with Ubinuclein (UBN) and Calcineurin Binding protein 1 (CABIN1), are 
elements of HIR complex that deposits H3.3 into chromatin throughout the whole cell cycle (Ray-
Gallet et al., 2002; Tagami et al., 2004; Duc et al., 2015). Depletion of HIRA, leads to a genome-
wide reduction of H3.3 (Goldberg et al., 2010; Pchelintsev et al., 2013) and pleiotropic 
phenotypic defects. According to our previous findings, HTR6 deposition was affected when 
transcription process was impaired. Since HIRA deposits H3.3 in a transcription dependent 
manner (Nie et al., 2014), we sought to determine whether HIRA is incorporating HTR6.   
We crossed pHTR6::HTR6:GFP plants with the hira-1 knockout mutant and analyzed the 
incorporation of HTR6 after ABA treatment. We observed a high reduction of HTR6-GFP signal 
in the transition/elongation region of the root but HTR6-GFP could still be detected in the root 
cap (Fig. 4.24). These results indicated that incorporation of HTR6 is HIRA dependent in the 
transition zone of the root but that another chaperone is responsible for the loading in the root cap 
cells. 
In Arabidopsis, histone H3 can also be incorporated by other chaperones. DEK3 is an example of 
protein with chaperone activity that was shown to interact with histones H3 and H4 (Waidmann 
Figure 4.23 
Expression patterns of 
HTR6 in fas2-4 mutant 
background with and 
without ABA 
treatment (50 µM, 4h).  
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et al., 2014). Moreover, DEK3 was also identified as a regulator of stress tolerance.  Null mutants 
of DEK3, dek3-2 are also viable but presented defects on nucleosome occupancy and chromatin 
accessibility (Waidmann et al., 2014).   
To determine if DEK3 interferes with HTR6 deposition we expressed HTR6-GFP in a dek3-2 
mutant background. Similarly, to what we observed in the hira-1 mutant, after 4h of ABA 
treatment, the lack of DEK3 also led to a reduction of HTR6-GFP deposition in the 
transition/elongation zone and in the root cap, indicating that DEK might be responsible for HTR6 
incorporation in both types of cells (Fig. 4.24). 
 
Although both HIRA and DEK are important for HTR6-GFP deposition, there is no compensation 
between them, suggesting that these chaperones work in the same pathway. 
4.3.9 Specific residues have a higher impact in HTR6 dynamics 
As mentioned before, H3.1 and H3.3 differ in only four amino acids and that is sufficient to 
completely alter protein dynamics and function. HTR6 possesses several other residues that are 
unique to this variant and differ from H3.1 and H3.3 (Fig.4.1 A). To determine the contribution 
of each of these amino acids to HTR6 function and dynamics, we changed them to the 
corresponding amino acid in H3.3 (Fig. 4.25 A). The resulting point mutants were expressed in 
plants under the control of the native HTR6 promoter. In general, we observed that alteration of 
residues in the C-terminal tail and in the core structure of the protein have a higher effect on HTR6 
dynamics than those in the beginning of N-terminal tail (Fig. 4.25 B).  
Many residues of the N-terminal tail of H3 are prone to suffer post translational modifications 
(Jenuwein and Allis, 2001; Turner, 2002, Ho and Crabtree, 2010). HTR6 harbors a serine at 
Figure 4.24 Expression pattern of 
HTR6 in hira-1 and dek3-2 mutant 
background during ABA treatment 





position 6, which was substituted by a threonine. HTR6S6T-GFP protein distribution along the 
root did not severely change, although, some nuclei seem to contain higher amounts of HTR6. On 







Residue F41 is unique and conserved among plants (Lu et al., 2018). The phenylalanine at 
position 41 is an amino acid that HTR6 shares only with H3.1. Recently, a study claimed that the 
F41Y substitution in H3.1 leads to accumulation of this protein at actively transcribed regions. 
HTR6 is already present in active transcribed regions, although, the F41Y change in HTR6 led to 
an increase of the number of nuclei containing HTR6F41Y-GFP in the transition/elongation 
region, as well as in the root cap. This gave us support to speculate that F41 could be important 
for HTR6 replacement by other histone or that tyrosine at this position could be phosphorylated 
as in animals, (Moraes and Casas-Mollano, 2014) generating a more stable protein. Changing the 
asparagine by an isoleucine at position 63 resulted also in a higher accumulation of HTR6N63I-
GFP at the transition/elongation region. Nonetheless, the protein could still be degraded in the 
upper part of the root elongation zone.       
 
The A132G substitution results in protein accumulation along the root with a pattern similar to 
roots treated with proteasome inhibitors (Fig. 4.13), suggesting that G132 is important for HTR6 
Figure 4.25 Effect of point mutations in HTR6-GFP expression. A) Schematic representation of the 
modified residues along HTR6 to the correspondent in H3.3. B) Expression of HTR6-GFP containing 
S6T, H11T, F41Y, N63I, V124I and A132G point mutations after the plants were exposed to 50 µM of 





degradation by proteasome. A similar effect was observed for V124I change, although the 































4.4 Function of HTR6 
4.4.1 DNA replicative stress response is independent of HTR6 
Replication stress caused by DNA damage or fork stalling triggers mechanisms to detect and 
repair DNA lesions (Dona and Scheid, 2015). Some histones are involved in DNA damage 
detection, as is the case of γH2AX that is recruited to signal the DNA damage response 
(Charbonnel et al., 2011). Both histones H3.1 and H3.3 along with their respective chaperones, 
CAF-1 and HIRA, have a role in the DNA repair process (Dona and Scheid, 2015). ABA 
treatment of young seedlings causes genomic instability that leads to DNA damage response 
activation (Roy and Das, 2017). Since the induction of HTR6 is ABA dependent and the protein 
is mainly present in S-phase nuclei, we hypothesized that HTR6 could have a role in DNA damage 
detection or DNA lesion repair. To test this hypothesis, we treated HTR6-GFP plants with two 
drugs, aphidicolin and hydroxyurea (HU), for 4 hours, without adding ABA, to induce DNA 
replication stress. As mentioned before, aphidicolin blocks DNA polymerase α leading to fork 
stalling and hydroxyurea has a slowdown effect on the forks by diminishing the dNTP pool. DNA 
replication stress provoked by HU and aphidicolin does not induce HTR6 expression (Fig. 4.26) 
suggesting that HTR6 function is not related with DNA damage response. 
  
4.4.2 Identification of htr6 mutant lines  
We identified, in the stock collections, a T-DNA line, generated by SAIL (SAIL_698_F01c), with 
the purpose of obtaining an htr6 mutant. We first characterized the line by sequencing the HTR6 
genomic region and found that the SAIL_698_F01c line contains an insertion in the third exon of 
HTR6 (Fig. 4.27 A).  
  
Figure 4.26 Expression of HTR6-GFP in 
the roots under DNA replication stress 
conditions. Roots were exposed to 4 hours 
of treatment with HU (1mM) and 
aphidicolin (0.24 µg/mL). Plants treated 
with ABA or with methanol (Mock) were 










Then, HTR6 mRNA levels were measured in roots of wt and SAIL_698_F01c line (htr6-1), with 
and without ABA treatment. Less transcripts of HTR6 gene were obtained in SAIL_698_F01c 
(htr6-1) line when compared with wt in both mock and ABA conditions (Fig. 4.27 B). To assess 
if T-DNA insertion in the third exon impairs the formation of a full HTR6 transcript, we performed 
a PCR analysis of mRNA using primers located at the beginning and at the end of the gene. Under 
ABA treatment, HTR6 transcripts were only detected in the wt plants, indicating that the 
SAIL_698_F01c T-DNA line is a htr6 knockout mutant (Fig. 4.27 C), that we named htr6-1. 
  
4.4.3 htr6-1 mutant roots present higher growth rates than wild type in abiotic stress 
conditions     
The lack of a protein function has, very often, a consequence in plant phenotype. We began by 
comparing the root length of htr6-1and wt plants after various treatments. No differences in root 
growth were observed between wt and htr6-1 plants grown in MSS and or mock treated (Fig. 
4.28). But htr6-1 mutant grew more than wt in the presence of ABA (50 µM) and NaCl (140mM), 
with higher differences noticed in the case of ABA exposure (Fig.4.28). In the presence of ABA, 
the differences between the mutants and wt can be detected at day 2 of growth, with htr6-1 roots 
Figure 4.27 Characterization of HTR6 T-DNA insertion line, SAIL_698_F01c. A) Schematic 
representation of the HTR6 gene with the T-DNA insertion in the third exon (htr6-1). Primers used in 
panels B and C are also represented. B) qPCR measurement of HTR6 mRNA levels in wt and htr6-1 
mutant (SAIL HTR6_698_F01c), with and without ABA (50 µM) treatment for 4 hours. The primers 
pair used in this approach is represented in A (green). C) Semiquantitative analysis of HTR6 mRNA 
levels. Orange primer represented in A was used as forward primer and green primer annealing at 











Altogether, these results suggest that HTR6 is a root growth repressor when ABA signaling 
pathway is triggered under abiotic stress conditions.     
The total root length depends on the combination of cell proliferation and elongation (Ivanov, 
1997). First, we wondered if root length differences observed between wt and htr6-1 were due to 
distinct proliferation rates or different cell growth rates in the meristem. To assess this, we 
measured the length and number of cortical cells from the QC up to the elongation zone in 7 days-










Figure 4.28 Role of HTR6 in root growth under abiotic stress. 4 day-old plants were transferred to 
control plates containing MSS or MSS + methanol (Mock), MSS + ABA (50 µM) and MSS + NaCl 










We found that the RAM of the htr6-1 mutant contained a significant higher number of cortical 
cells than wt after ABA treatment (Fig. 4.29 B and C). As a consequence, the total meristem size 
of htr6-1 mutants was also longer (Fig. 4.29 A and D). On the contrary, no significant differences 
in RAM size were observed between htr6-1 mutants and wt grown for 7 days in absence of ABA 
(Fig 4.29 B-D). Altogether, these results suggest that HTR6, under stress conditions, plays a role 
in controlling the RAM size and the exit from the proliferation domain to the transition zone.  
 
Taking into account that HTR6 is mainly expressed in cells undergoing endoreplication, we 
sought to investigate if the DNA content along the root was altered in the htr6-1 mutant. No 
significant differences were found in the ploidy profile comparing wt with htr6-1 (Fig. 4.30). 
After 3 days of ABA treatment, we noticed a slight increase in 8C cells in both wt and htr6-1, 




Figure 4.29 Size of the root meristem of 7 days old htr6-1 mutant and wt (Col-0) with or without ABA 
(50 µM) treatment for 3 days. A) RAM nomarsky brightfield images of wt and htr6-1 plants after ABA 
exposure. B) Cortical cells length from the QC to the transition zone of wt and htr6-1 treated or not with 
ABA.  C) Number of cortical cells from the QC to the transition zone in wt and htr6-1 roots. D) 
Meristem length from the QC to the transition zone in wt and htr6-1 roots. One way ANOVA, Welch´s 
t test was used as statistic test. nwt ABA=5, nwt =7, nhtr6-1 ABA=5; nhtr6-1=7;* and  ** corresponds to a p-value 







4.4.4 Abnormal transcriptomic response of htr6-1 in ABA 
We showed that loss of HTR6 causes differential growth rates when roots were treated with ABA. 
Phenotypic differences are usually associated with transcriptomic changes. In order to identify 
HTR6 ABA dependent responsive genes, we performed an RNA Seq. To determine which genes 
are affected by the loss of HTR6, we carried out a RNA-sequencing analysis of wt and htr6-1 
roots that were treated with ABA for 10 min. At this stage, we have focused on short time 
treatment with the aim of identifying primary targets of HTR6. 
 
     
 
 
Our preliminary analysis indicated that 1327 genes are misregulated in the htr6-1 mutant after 10 
min of ABA treatment (q-value<0.05). We perform a Volcano plot to better identify and separate 
Figure 4.30 Ploidy profile of cells of wt 
and htr6-1 roots grown in MSS or 
treated with ABA (50 µM) for 3 days. 
Ploidy is indicated in the image by the 
different color codes (2C in blue, 4C in 
red, 8C in green and 16C in purple).   
Figure 4.31 Volcano plot showing genes that are significantly up-regulated or down-regulated when 
comparing wt and htr6-1 mutant, after 10 min of treatment with ABA.  
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genes that were up (916 genes) and down-regulated (411 genes) based on fold-change levels (Fig. 
4.31). Among the top upregulated genes, we found that HTR6 is important to stimulate genes 
encoding proteins related with lipids and fatty acids metabolism and the TCP family. On the 
contrary, the presence of HTR6 decrease the expression of genes encoding proteins involved in 
late embryogenesis, such LEA genes, or related with abiotic stress response. Curiously, genes 
involved in cell wall organization are enriched in both up and downregulated groups of genes. 
Altogether, these results indicate that HTR6 expression promoted by ABA treatment cause 
transcriptome variations in a short period of time that could have consequences in cell 












5.1 HTR6 as a player in abiotic stress response 
Both in plants and animals, histone variants and post-translational modifications add another level 
of complexity to nucleosome organization and function by influencing its stability and 
compaction differently from the canonical isoforms (Kamakaka and Biggins, 2005; Otero et al., 
2014; Kawashima et al., 2015). This combinatorial complexity has an impact on chromatin status, 
impinging on vital processes like genome replication, gene expression, repair and recombination. 
Together, these events are essential for organism development, growth and adaptation to 
environmental stimuli, allowing the response to different stresses.  
Among the four types of core histones that compose the nucleosome (H2A, H2B, H3 and H4), 
H2A and H3 are the families that comprise more variants (Talbert and Henikoff, 2010). In 
Arabidopsis, among the H3 family, the crucial role of histones H3.1 and H3.3 along the plant 
growth and development has been established. (Ingouff et al., 2010; Stroud et al., 2012; Otero et 
al., 2016; Wollmann et al., 2017). The difference in 4 amino acids residues between H3.1 and 
H3.3 causes high impact on their distribution, function and dynamics. Inside the histone H3 
family, we have identified that histone variant, HTR6, shares characteristics with H3.1 and H3.3 
regarding amino acidic sequence. Furthermore, modeling of HTR6 protein also indicated 
structural similarities with H3.1 and H3.3. Therefore, this raised further questions about 
regulatory and functional aspects of HTR6.  
To gain further insights on this matter, we first evaluated the chromatin environment in the 
genomic region of HTR6. The in silico analysis of the HTR6 locus indicated that this region is 
covered by chromatin state 5, 4 and 2. One common feature of these chromatin states is that they 
are enriched in H3K27me3, in particular state 5 and 4, that is a mark typically associated with 
transcriptional repressed genes (Sequeira-Mendes et al., 2014). Nonetheless, state 2, present in 
the proximal promoter, is mainly enriched in active marks such as H3K4me3. This, together with 
the fact that the promoter region is devoid of chromatin state 1, corresponding to highly open 
chromatin, and devoid of higher repressive states such state 8 and 9, predicted well the inducible 
gene activation by external stimuli such as abiotic stress. The ChIP and RNA expression 
experiments we realized with roots of plants grown in normal conditions confirmed the validity 
of our in silico analysis showing that HTR6 is mainly covered by the H3K27me3 mark and 
repressed in absence of stress. According to this, we observed that treating seedlings with ABA 
lead to a stimulation of HTR6 transcription and ChIP results indicated that, under these conditions, 
the levels of repressive mark H3K27me3 diminished along the HTR6 genomic region, while the 
levels of the transcriptional active mark H3K4me3 increased. 
The trimethylation of H3K27 is catalyzed by the SET domain methyltransferase of the Polycomb 
Repressive Complex 2 (PRC2) and covers mainly the facultative heterochromatin, affecting 25% 
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of Arabidopsis genes (Gan et al., 2015). It has been described that the PRC2 repression pathway 
is essential to control, among others, flowering time by silencing of flowering regulators such as 
FLOWERING LOCUS C (FLC) and FLOWERING LOCUS T (FT) (Jiang et al., 2008). It is also 
important to mention that this particular histone modification is reversible because the H3K27me3 
mark can be removed by a group of histone lysine demethylases (KDM) containing JUMONJI 
(JMJ) proteins (Gan et al., 2015). Additionally, H3K27me3 could also serves as an epigenetic 
mark that promoted the binding of the LIKE HETEROCHROMATIN PROTEIN-1 (LHP1) that 
subsequently is implicated in the recruitment of other complex, PRC1, promoting chromatin 
compaction and transcription inhibition and blocking chromatin remodeling (King et al., 2002; 
Francis et al., 2004; Turck et al., 2007; Zhang et al., 2007). We believe that genes with roles in 
abiotic stress response should be maintained silenced to not interfere with the normal functionality 
and development of the organism. However, the repressed state of these genes should be 
reversible, allowing a switch to an active state when the organism is under stress. Our findings 
that HTR6 is mostly covered with H3K27me3 strongly suggest that this gene could have a role in 
the response to external factors, being poised for activation only when required by the organism.  
Interestingly, the MSI1 protein present in all PRC2 complexes is a crucial subunit of CAF-1 
complex and interacts with the Retinoblastoma-related protein RBR1 (Ach et al., 1997; Exner et 
al., 2006; Jullien et al., 2008). Pleiotropic phenotypes were observed in the msi1-cs knockdown 
mutant and a transcriptomic analysis revealed that a group of ABA-responsive genes are 
specifically up-regulated in the mutant and not in the plants where RBR pathway, CAF1 and 
PRC2 complexes are misregulated. (Alexandre et al., 2009). Surprisingly, HTR6 gene belongs to 
that group of genes that are up-regulated in msi1-cs mutant (Alexandre et al., 2009), reinforcing 
the idea that HTR6 plays some role during the abiotic stress response. A different study claims 
that MSI1 acts with HISTONE DEACETYLASE 19 (HDA19) in the repression of the ABA 
receptors, PYL4, PYL5 and PYL6 (Mehdi et al., 2016). Thus, it is also possible that in absence 
of stress HTR6 is repressed by the action not only of MSI1 but also by HDA19 histone as the 
PYLs receptors.  
 It has been found that BLISTER (BLI) protein interacts with PRC2 and together they repress 
ABA-responsive target genes, emphasizing the relevance of the PRC2 complex in the repression 
of stress-responsive genes. Recent studies in Arabidopsis revealed that PRC2 can also be recruited 
by telomere-repeat-binding factors (TRBs). In a subset of genes, the interaction of TRBs with 
CLF/SWN subunits seems to be a mechanism essential for H3K27me3 deposition (Zhou et al., 
2018). Interestingly, HTR6 is up-regulated in a TRB triple mutant, trb1-2, trb2-1, and trb3-2 
(trb1/2/3) but not in the BLI mutant, bli (Kleinmanns et al., 2017). All together, these studies 
showed that mechanisms to repress ABA target genes are very diverse and may depend on PRC2 
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interacting partners Furthermore, it is possible that the activation of those genes could also be 
different depending on the type of stress. 
In vegetative tissues, the CLF mutant, clf29, results in the up-regulation of hundreds of 
H3K27me3-associated genes (Liu et al., 2016; Wang et al., 2016; Bellegarde et al., 2018). 
Evaluation of HTR6 expression levels in the clf29 mutant, in absence of stress, revealed only a 
small but not significant increase of the mRNA compared to the wild type. This indicates 1- that 
diminishing the level of H3K27me3 seem not be sufficient to activate the gene, however we 
haven´t measured if there was a change in H3K27me3 levels in HTR6 genomic region in clf29 
mutant plants and/or 2- that the methyltransferase SWINGER (SWN), that also can be a member 
of PRC2 complex, can compensate for the absence of CLF.   
ABA biosynthesis and signaling is triggered by a wide variety of abiotic stresses such as low 
temperature, high salinity, UV-radiation, nutrient deficiencies, and heavy metal toxicity (Cutler 
et al., 2010; Hauser et al., 2011; Iyer-Pascuzzi et al., 2011; Zhu, 2016). ABA signaling 
encompasses many elements from the receptors involved in starting the signaling cascade to the 
transcription factors ultimately responsible for activating the target genes. Thus, ABA signaling 
culminates in the induction of several genes that are needed for plant survival during abiotic stress.  
We observed that HTR6 expression is increased in a wide range of ABA concentrations in a dose 
dependent manner. Absence of HTR6 transcripts in the sextuple mutant of ABA receptors (pyr1 
pyl1 pyl2 pyl4 pyl5 pyl8) suggests that induction of HTR6 requires the activation of the ABA 
signaling pathway. SnRK2 family is composed by kinases that are essential for ABA signaling 
pathway (Cutler et al., 2010; Umezawa et al., 2010). Despite of the existence of 8 SnRK2s family 
members, disruption Snrk2.2 and Snrk2.3 causes a decrease of HTR6 transcripts but we cannot 
discard that other Snrk2 also participate in the activation pathway (Boudsocq et al., 2007). 
Altogether, these results demonstrate that HTR6 expression is dependent on ABA signaling. 
Nevertheless, we were not able to identify the transcription factors responsible for HTR6 
expression but found that ABI4 and ABI5 were not involved. Given the high number of factors 
that are activated in an ABA-dependent pathway, it is possible that there is a redundant function 
between TFs. The ABRE TFs and AREB/ABF TFs, are considered the crucial players on ABA-
dependent pathway in vegetative tissues (Finkelstein and Lynch, 2000; Umezawa et al., 2011; 
Fernando and Schroeder, 2015; Singh and Laxmi, 2015), but we could not identify perfect ABRE 
neither AREB/ABF consensus motifs in the HTR6 promoter. However, other TFs belonging to 
MYC, MYB, NF-Y or WRKY are also activated (Abe et al., 2003). Our in silico analysis of the 
HTR6 promoter indicated that putative binding sites for these TFs are present in the promoter and 
could potentially regulate HTR6 expression.  
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In osmotic stress, provoked by high salinity or drought, in addition to TFs induced by ABA 
signaling, there are some TFs that are induced in an ABA-independent pathway. AP2/ERF, DRE 
and DREB are some examples of those TFs with essential functions in plant osmotic stress 
tolerance (Chen et al., 2010; Shang et al., 2010; Yoshida et al., 2014). The HTR6 promoter also 
encompasses cis-elements that can be recognized by those TFs. Several studies reveal a crosstalk 
between elements of ABA-dependent and independent pathways, which emphasizes the 
complexity of abiotic stress response (Singh and Laxmi, 2015; Liu et al., 2018).  Recently, a 
transcriptome analysis comparing seedlings exposed to prolonged drought stress that activates 
both ABA dependent and independent pathways, and exogenous ABA treatment revealed that 
they were very similar (Liu et al., 2018). Surprisingly, HTR6 transcripts was not detected in 
neither ABA dependent or independent pathway response group. This might due to the use in this 
study of three-week-old plants whereas we have observed that HTR6 induction occurs principally 
in a small region of the root apex. Furthermore, ABA application was carried out by spraying 
plants, which could differently influence ABA response in the root.   
HTR6 was also expressed after seedlings were exposed to high salt concentrations. High 
concentrations of NaCl inhibits root growth, however, we detect that the lack of HTR6 attenuates 
the root growth inhibition provoked by the salt, indicating that HTR6 is a component involved in 
salt stress response. A spatio-temporal transcriptome analysis was performed on roots exposed to 
salt during 1h to 48h (Geng et al., 2013). Our analysis of these data sets showed a peak of HTR6 
expression after 3 hours of salt exposure (Fig. 5.1), which is in full agreement with our results. 
Furthermore, in this study, it was shown that HTR6 expression was confined to cells in the 
epidermis and root cap. After 4 hours of ABA treatment we also detected HTR6 at the epidermis 
and lateral root cap cells. Interestingly, these tissues are the most external ones, which suggests 
that are the first ones to sense and respond to the exogenous stresses (Zhu, 2016). It has been 
observed that epidermis cells are first to perceive osmotic and ionic changes triggering rescue 




pattern of HTR6 
(AT1G13370) during 
the salt response. 





(Geng et al., 2013) 
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Altogether, multiple evidences suggest that histone variant HTR6 is participating in the abiotic 
stress response. Similar to HTR6, in primates, a new histone H3 variant, H3.Y, has been identified 
and increases after stress, such as starvation and high cellular density. Nonetheless, H3.Y is also 
present at low levels in certain brain regions and malignant tissues (Wiedemann et al., 2010). In 
Arabidopsis, other histones variants were also identified to respond to abiotic stresses, such as 
H1.3 and H2A.Z.   
The linker DNA binding histone, H1 family, encompasses a histone variant, H1.3, that responds 
to stresses, such as drought, low light and exposure to ABA (Rutowicz et al., 2015). Nonetheless, 
even without stress exposure, H1.3 is highly expressed in guard cells and is required for stomatal 
function. In stress conditions, H1.3 is present in other tissues, both in shoots and roots coexisting 
with the other H1.1 and H1.2 histones variants. The function of HTR6 in the areal part of the plant 
is unexplored yet, however, we detected small amounts of HTR6 in the shoot after ABA 
treatment.  
The H2A.Z histone plays a dual role since it promotes transcription when it is located at the 
transcription start sites (TSS) but restricts gene expression when it is enriched within the gene 
body (Coleman-Derr and Zilberman, 2012). H2A.Z occupancy is inversely correlated with DNA 
methylation, which is a typical mark of gene bodies of highly transcribed genes (Zilberman et al., 
2008).  Loss of function of H2A.Z or components of the SWRI chaperone complex mainly 
induces misexpression of genes associated with response to environmental stresses, such as cold 
and heat response (Lazaro et al., 2008; Coleman-Derr and Zilberman, 2012). During these 
responses, some genes are rapidly upregulated or downregulated (Kumar and Wigge, 2010) 
confering a fast adaptation of plants to an adverse environment.  
Regarding the H2A family, it has been described that phosphorylated variant γH2A.X is essential 
to signal DNA damage and in the recruitment of factors intervening in DNA repair (Amiard et 
al., 2010). Unlike γH2A.X, HTR6 seems to be dispensable for DNA replicative stress response 
despite of being present during the S-phase of endocycling cells. Nonetheless, the hypothesis that 
replication arrest could influence HTR6 by blocking its expression or incorporation is not 
discarded.  
5.2- Molecular basis of HTR6 dynamics during abiotic stress response 
The adaptation of immobile plants to environmental stress is strongly related with gene expression 
adjustments (Yaish, 2017). Signaling pathways comprising plant hormones, such as ABA, 
connect environmental stress detection with activation of transcription factors, which in turn bind 
to the promoter regions of target genes to modulate their expression. This transcriptional 
reprogramming requirement also depends on changes in the chromatin landscape that is achieved 
by the coordination of several epigenetic events (Asensi–Fabado et al., 2017).  
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Nucleosome formation initiates with the association of a tetramer of H3-H4 histones with DNA 
and then the core structure ties up with the integration of two dimers of H2A-H2B histones. 
Histone chaperones, responsible for spatial and temporal deposition/eviction of histones in 
chromatin, are highly conserved in plants and animals (Polo and Almouzni, 2006; Mattiroli et al., 
2015; Lu et al., 2018). Formation of nucleosomes containing H3.1-H4 tetramers is mediated by 
CAF-1 (FAS1, FAS2, MSI1 subunits) chaperone in a DNA replication-dependent manner. We 
detected that although the majority of cells containing HTR6 are in S-phase of endocycling cells, 
HTR6 incorporation was not disrupted in plants lacking CAF-1, indicating that HTR6 deposition 
is DNA replication-independent. 
On the other side, HIRA chaperone as part of the HIR complex deposits H3.3-H4 tetramers into 
chromatin. In Arabidopsis, loss of HIRA causes reduced genome-wide loading of H3.3, 
nucleosome occupancy disruption and defects in vegetative development (Nie et al., 2014; Duc 
et al., 2015). Our results showed that HTR6 incorporation is impaired in the hira-1 mutant, 
suggesting that HIRA incorporates HTR6. In vegetative tissues, HIRA seems to play a role in 
abiotic stress response, as genes downregulated in the hira-1 mutant are related to environmental 
stresses (Nie et al., 2014). In humans, the interaction of H3.3 with HIR complex is mediated by 
UBN1 that recognizes the amino acid residue G90 of H3.3 (Ricketts, et al., 2015). In plants, it 
has been also demonstrated that residues H87 and L90 are important for the correct H3.3 
deposition (Shi et al., 2011; Lu et al., 2018). The substitution of H3.3 residues H87 and L90 by 
the corresponding residues found in H3.1, S87 and A90, impaired H3.3 nucleosome assembly 
into the rDNA (Shi et al., 2011). HTR6 shares residues H87 and L90 with H3.3 which is a further 
evidence that HIR complex could also be incorporating HTR6. In animals, the stress-responsive 
histone variant H3.Y is also deposited by HIRA in transcriptionally active regions and, as 
expected, the chaperone recognition site motif, G90, is conserved (Kujirai et al., 2016; Zink et 
al., 2017).   
Besides HIRA, we also found that the DEK chaperone also has a role in HTR6 incorporation.  
DEK3 has the ability of binding histones and changing the superhelical structure of DNA in vitro 
by interaction with Topoisomerase 1α. Both in Arabidopsis and in animals, DEK3 can modulate 
transcription by altering DNA accessibility or by recruiting distinct chromatin regulators 
(Sammons et al., 2006; Gamble and Fisher, 2007; Kappes et al., 2011; Waidmann et al., 2014). 
Furthermore, it has been found that reduced levels of DEK3 in the dek3-2 mutant confers higher 
salt tolerance in Arabidopsis (Campillos et al., 2003; Sawatsubashi et al., 2010). Consistent with 
these data, we found that the htr6-1 mutant also showed higher salt tolerance.     
A striking observation is that HIRA and DEK3 cannot substitute for each other to incorporate 
HTR6, as shown by the reduced HTR6 levels in each hira-1 and dek3-2 mutants. This may suggest 
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that both could function in the same pathway. It could be possible that DEK is binding HTR6 
before HIRA in the pathway, since it was shown that DEK3 specifically copurified with histones 
H3 and H4 but not with H2A and H2B, demonstrating that DEK3 does not associate with fully 
assembled nucleosomes (Waidmann et al., 2014).  Alternatively, it is also possible that ABA 
signaling in these mutants is impaired, which could prevent HTR6 expression. Thus, HTR6 
mRNA expression levels should be quantified in hira-1 and dek3-2 mutants.  
During the genome replication process, H3.1 is inserted all over the genome by CAF-1, both in 
euchromatin and heterochromatin. After replication, H3.1 is replaced by H3.3 in regions that are 
actively transcribed in a process mediated by HIRA. Likewise, HTR6 deposition seems to be 
transcription related because stalling of transcription elongation with DRB decreased the levels 
of HTR6 incorporation. However, we do not discard the possibility that DRB is inhibiting the 
synthesis of new HTR6-GFP transcripts preventing, in this way, its turnover. Inhibition of DNA 
replication with aphidicolin also affected HTR6 turnover, although to a lesser extent. We believe 
that HTR6 is replacing H3.1 after replication in order to establish the transcriptional status of 
HTR6 target genes. Thus, if DNA replication is slowed down after aphidicolin treatment, the 
replacement by HTR6 is also going to be slowed down, resulting in a decreased HTR6 turnover. 
This claim is consistent with the finding that HTR6 is predominantly present during S-phase of 
endocycling cells. Based on the EdU labeling pattern, we can distinguish that euchromatin, 
containing active genes, is replicated in the early and mid-stages of S-phase while 
heterochromatin, enriched in silent regions, is replicated in the late stage. Our immunolocalization 
studies demonstrated that HTR6 is excluded from the heterochromatin regions and colocalize 
with a mark associated with actively transcribed regions, H3K4me3. In line with this, we observed 
that despite the fact that the majority of cells containing HTR6 are in the late stage of S-phase, 
the HTR6 distribution pattern only coincides with euchromatin.  
The residence time of HTR6 in chromatin is shorter than that of H3.3, as expected, since H3.3 is 
constitutively expressed and HTR6 is not. Taking into account our FRAP results, HTR6-GFP 
protein recovered faster from bleaching but then, the fluorescence dropped much earlier than 
H3.1, which is also not constitutively expressed. Accordingly, in stress conditions, the histone 
variant H1.3, despite of being stimulated in more tissues, also display a higher turnover comparing 
with H1.1 and H1.2., which might indicate that, in general, these stress-inducible histones are less 
stable in order to promote a chromatin state change that is only temporal and rapidly reversible. 
We observed, from live imaging, that HTR6 is rapidly loaded to the chromatin and then is 
maintained in high amounts during ~1h. It is possible that HTR6 target genes are only 
active/repressed for a short period of time. Similar to H2A.Z, it is likely that HTR6 could function 
as an activator or a repressor depending on the target. Some studies reported that unstable 
nucleosomes containing H2A.Z and H3.3 are very often present at TSSs (Jin and Felsenfeld, 2007; 
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Jin et al., 2009). It is possible that some nucleosome core particles contain both H2A.Z and HTR6 
simultaneously, although HTR6 function in cold and heat stresses has not yet been explored. A 
co-IP of both histones from mononucleosomal preparations would be a useful approach to address 
this question. Another interesting experiment would be to determine if heterotypic nucleosomes 
could be formed containing both HTR6 and H3.3.  
After 1h of incorporation, the nuclear HTR6 amount reached a maximum, but then the protein is 
slowly evicted, despite of being maintained during 4 to more than 7h.  It could be possible that 
small amounts of the protein could be retained as a “memory” to maintain a specific chromatin 
environment in its target genes along the elongation region. Nonetheless, before cells rise the 
differentiation zone, proteasome seems to completely degrade HTR6.  
The unstructured N-terminal tail of the histones is usually a platform for a high range of post-
translational modifications that influence histone function and distribution (Jenuwein and Allis, 
2001; Turner, 2002, Ho and Crabtree, 2010). Even the difference in one single amino acid could 
completely change protein interactions, leading to distinct dynamics and functions. This is the 
case of the alanine (A) at position 31 of H3.1. The presence of a T in H3.3 instead of an A residue 
prevents interaction of H3.3 with the methyltransferases, ATXR5 and ATXR6, which mediate 
the monomethylation of lysine 27 in H3.1 (Jacob et al., 2014). In Arabidopsis, H3K27me1, as 
well as H3K9me2, are typical marks of constitutive heterochromatin that are only present in H3.1 
(Johnson et al., 2004; Stroud et al., 2012). These marks colocalize with repressive DNA 
methylation patterns allowing the maintenance of the genomic regions in a silenced state. As in 
H3.3, HTR6 has a T at position 31, which avoids the binding of ATXRs enzymes, preventing the 
deposition of the H3K27me1 mark and this is consistent with the absence of HTR6 from 
heterochromatin. Additionally, a mass spectrometry analysis in Arabidopsis demonstrated that 
repressive mark H3K27me3, mediated by Polycomb complex, is also present in H3.1 and 
excluded from H3.3 (Johnson et al., 2004).  Our immunolocalization analysis showed that HTR6 
and H3K27me3 do not completely overlap, indicating that HTR6 also seems to be excluded from 
facultative heterochromatin enriched in H3K27me3. Nonetheless, it is possible that some of 
HTR6 targets are silenced by Polycomb previous to the stress induction. Other example of the 
importance of the type of amino acid residues to confer histone unique characteristics was 
observed for H3.Y histone. The presence of unique amino acids in the core and C-terminal domain 
of H3.Y, prevent DAXX/ATRX chaperone, but not HIRA, binding,  despite that H3.Y contains 
the G90 residue, which was previously identified as crucial for both HIRA and DAXX/ATRX 
chaperones recognize H3.3 histone (Zink et al., 2017). This suggests that HTR6 specific residues 
could confer unique properties and dynamic to the histone to prevent or benefit the binding of 
specific chaperones or PTMs effectors.  
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We carried out extensive efforts to isolate enough amount of HTR6-Myc in order to detect HTR6 
PTMs by western blot with specific antibodies or by Mass spectrometry. Unfortunately, so far, 
we were unable to purify sufficient material for those analyses. Some studies described similar 
technical difficulties claiming that only ~1% of total histones correspond to the epitope-tagged 
transgenic H3 proteins (Lu et al., 2018). Similarly, a previous study using GFP-tagged H3.1 and 
H3.3 in Drosophila also showed that each of the fusion proteins constituted <0.5% of the total H3 
in cells (Schwartz and Ahmad, 2005). We also faced similar problems when attempting to obtain 
good quality ChIP DNA to decipher the genomic HTR6 target regions. This highlights the fact 
that further optimization of the techniques for purifying this histone is needed, to decipher the 
complete set of post translational modifications (PTMs) that can occur in the HTR6 histone and 
how those HTR6 specific marks correlate with the genomic targets of this histone. 
In addition to the T31, the similarities between HTR6 and H3.3 are evident, differing only in 7 
amino acidic residues (S6H11T17F41N62V124A132). HTR6 has three residues in the N-terminal tail, 
S6, H11 and T17, that differ from both H3.3 and H3.1 (T6T11R17). In Arabidopsis, T6 and T11 are 
usually phosphorylated to promote chromosomal condensation in mitosis and meiosis (Houben 
et al. 2005; Caperta et al. 2008; Ashtiyani et al. 2011; Moraes and Casas-Mollano, 2014; Kniewel 
et al., 2017). Despite that both S and T can be phosphorylated, the substitution of S by T at 
position 6, leads to the increase of HTR6 levels. On the contrary, the substitution of H11 by a T 
makes the HTR6H11T-GFP be present in fewer nuclei. This could be because T11 is evicted from 
the cells or because H is also involved in HTR6 incorporation. T11ph in other H3 histones is 
usually necessary to chromosome preparation for mitosis, once that HTR6 is present in endocycle 
cells, it is possible that T11 do not benefit the presence of HTR6. Interestingly, another stress 
responsive histone of the H3 family, HTR14, also has a H at position 11, and is not expressed in 
mitotic cells either (data not published). To date, we have not yet obtained plants expressing 
HTR6 with T17 substituted by an arginine (R), the corresponding residue in H3.3. It is known 
that R17 can be methylated, and this is a mark that is associated with transcriptional activation 
(Schurter et al., 2001). It is important to highlight that alteration of these residues could not only 
influence the potential PTMs on these residues but also the interactions with nuclear proteins as 
we described earlier for the substitution of A31T in H3.1 and H3.3 respectively. 
The residue at position 41 is of particular relevance because it differs between H3.1 (F41) and 
H3.3 (Y41). Interestingly, the F at position 41 is specific of vascular plants (Waterborg, 2012; 
Cui, 2015). HTR6 shares F41 residue with H3.1. We observed that F41 substitution causes 
changes in HTR6 dynamics. The HTR6F41Y-GFP accumulates in more cells of the 
epidermis/cortex in the transition/elongation zone and also in the root cap.  This mutation, in H3.1 
provoked that the histone was no longer evicted from the euchromatin suggesting that F41 is 
required for an efficient exchange of H3.1 with other variants, e.g. H3.3 or HTR6 (Lu et al., 2018). 
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It is possible that the same occurs for HTR6F41Y-GFP and that the mutant has a reduced capacity 
to be exchanged explaining why we observed more positive cells in the transition domain. 
Nevertheless, it seems that this mutant can be degraded efficiently by the proteasome because no 
protein accumulated in the differentiation zone of the root.  Moreover, in humans, Y41 in H3.3 is 
phosphorylated by Janus kinase (JAK), which prevents the binding of heterochromatin protein 
HP1α, promoting an active transcription environment (Dawson et al., 2009). A JAK homolog has 
not been identified in plants, but we cannot discard that other kinases could phosphorylate 
HTR6F41Y-GFP. Furthermore, phosphorylation introduces additional negative charges to the 
proteins that could influence histone turnover. In this sense, residue 41, which is located just at 
the DNA entry/exit region of the nucleosome, could directly influence wrapping and unwrapping 
dynamics of the nucleosome before and after phosphorylation (Fig 5.2; Bowman and Poirier, 
2015).   
  
Curiously, all the point mutations attempted in the core region of the protein and C-terminal 
(N63I, V124I and A132G), lead to expression of HTR6 in more nuclei. Particularly, the A132G 
change led to a HTR6 expression pattern in the roots very similar with the one obtained after 
treatment with proteasome inhibitors, which suggests that residues at the C-terminals could be 
important for the protein degradation.  
Further experiments will be necessary to analyze the phenotypic consequences of expressing these 
and other HTR6 mutants in the htr6-1 background. 
5.3- Role of HTR6 in root development after abiotic stress  
Using a reporter line expressing cell cycle phase markers, we found that proliferating and 
endocycling cells behaves differently in response to ABA. In the root meristem, CDT1a, used as 
a G1 marker, is expressed in more cells after ABA treatment indicating that cells are arrested in 
G1. However in the transition zone, CDT1a, that label G phase cells, is reduced. We consider two 
possible hypothesis: 1- the delay of the S phase progression observed in presence of ABA could 
modify the balance between cells in S and G phase in the transition domain. 2- previous studies 
showed that CDT1a is a target of ABA and downregulated in the whole seedling after ABA 
treatment (Castellano et al., 2004). This effect may be specific of the transition zone. Strikingly, 
Figure 5.2 Visualization of H3Y41 
in the nucleosome. H3Y41 is 
highlighted in blue inside the right 
panel. The accession number of the 
nucleosome structure data is 
Protein Data Bank (PDB): 2CV5. 
(Lu et al., 2018) 
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an ABA-responsive factor, GEM specifically expressed in the transition and differentiation zones 
of the root, interacts with CDT1a (Caro et al., 2007, Mauri et al., 2016). It is tempting to speculate 
that it participates in CDT1a inhibition at the endocycling region. Possibly, this could also lead 
to a pre-RC assembly impairment, explaining why there is a delay in the S-phase. Nonetheless, 
there are many elements of DNA replication machinery that are important for a proper ABA 
signaling. The disruption of DNA polymerases, such as DNA pol alpha, delta or epsilon, lead to 
abnormalities in abiotic stress response (Micol-Ponce et al., 2015; Johnson et al., 2015; Gutzat 
and Mittelsten, 2012; Probst and Mittelsten Scheid, 2015). 
The boundary between proliferation and differentiation is mainly regulated by phytohormones 
and ROS (Beemster and Baskin, 1998; Moubayidin et al., 2010; Singh et al., 2016). In 
Arabidopsis, the auxin:cytokinin ratio is critical in determining the rate of root growth (Dello et 
al., 2008; Moubayidin et al., 2010; Rowe et al., 2016). An imbalance of any of these hormones 
results in meristem size deregulation. Osmotic stress increases ABA levels in seedlings, which 
consequently limits auxin transport via PIN1, causing lower auxin accumulation and leading to a 
reduction in meristem size and reduced root growth (Rowe et al., 2016). Furthermore, osmotic 
stress also increases the levels of DELLA in an ABA-dependent manner, contributing also to 
meristem size reduction (Ubeda-Tomás et al., 2008; Achard et al., 2009). Lastly, it has been 
described that ABA also promotes ROS production provoking a decrease in auxin accumulation 
and consequently resulting in inhibition of PLETHORA1 (PLT1) and PLT2 expression (Yang et 
al., 2014). Thus, it seems that ABA creates an environment in the transition zone that causes the 
reduction of meristem size and promotes the switch to elongation. Curiously, the transition zone 
is considered as an oscillatory zone that may act as a kind of command center (Baluška and 
Mancuso, 2013).  
In the transition zone of the root cells have stopped dividing and switched to the endocycle. As a 
consequence of repeated endocycle rounds, the genomic ploidy increases from 2C to 4C, 8C and 
16C (Edgar et al., 2014). Besides ABA, stress conditions such as high salinity, low pH, 
temperature and ion starvation, promote a premature switch to the endocycle and cell expansion 
leading to shorter meristems. Whether this constitutes an advantage is not very clear but the 
endocycle could be important for plants, allowing them to cope with environmental stress because 
it stimulates the metabolic activity, and thus could lead to a more efficient stress response. This 
may explain why the endocycle is mainly observed in species growing in variable environments 
(Barow, 2006; Scholes and Paige, 2015) and that possess a high metabolic activity (Bhosale et 
al., 2018; Bhosale et al., 2019). In tomato, it was demonstrated that endoploidy increased the 
amount of ribosomal RNA, RNA polymerase II abundance and gene transcript levels (Bourdon 
et al., 2012). Endoreplication is also common in lower invertebrates, arthropods and mammals 
(Fox and Duronio, 2013). In lower invertebrates, endoreplication is most often associated with 
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increased cell size, and it is believed to be a crucial determinant of adult body size (Flemming et 
al., 2000; Bhosale et al., 2019).  
The endocycle process is accompanied by a rapid growth through water uptake, vacuole and cell 
expansion, which is essential for plant cells to elongate and differentiate (Cosgrove, 1993; Dolan 
and Davies, 2004). Recent studies indicate that the endocycle is a potential driver of cell wall 
modifications by increasing the number of gene copies and the amount of cell wall proteins 
(Bhosale et al., 2019). Our comparative transcriptome analysis of wt and htr6-1 mutant plants 
after a very short ABA treatment revealed that the presence of HTR6 induces the expression of 
cell wall modifying genes, presumably to prepare cells for the often massive cell enlargement 
following cell cycle exit. Furthermore, roots lacking HTR6 and exposed to ABA display longer 
meristems that contain more cortical cells. This means that, despite the fact that the repressive 
effect of ABA on the root meristem is maintained, the effect is attenuated by the lack of HTR6 in 
htr6-1 mutant plants, reinforcing the idea that presence of HTR6 at the transition domain 
participates in the inhibition of meristem growth. HTR6 expression is confined to the 
transition/elongation region where high rates of cell expansion occur. Vacuolar expansion and 
water uptake are major forces driving cell growth, although, under exogenous ABA treatment or 
other stress conditions, e.g. salt, the level of water uptake is compromised (Zhu, 2002). Therefore, 
it is possible that other players are necessary to stimulate transcriptome changes related to cell 
wall metabolism.  
Mutations in endocycle regulators, such as SIM and SMR1, have also consequences on cell wall 
biosynthesis and lead to a decrease in pathogen resistance (Wang et al., 2014; Hamdoun et al., 
2016). This highlights the link between cell polyploidy, cell wall modifications and a crosstalk 
between biotic and abiotic stresses. It would be interesting to determine if plants with disrupted 
endocycle, as is the case of sim srm1 mutants, would be able to trigger HTR6 after ABA treatment. 
Thus, we would be able to infer if HTR6 stimulation is indirectly dependent of cell cycle 
regulators.  
Besides, cell wall modifiers, the presence of HTR6 also altered the expression of other genes, 
such as those involved in lipid transport, catabolism and systemic acquired resistance, including 
GDSL-type esterases/lipases. A recent study revealed that GDSL-type lipase proteins showed 
diverse expression patterns during abiotic and biotic stress responses (Lai et al., 2017). Some of 
these genes also showed altered expression patterns during geminivirus infection, which suggests 
that HTR6 could potentially have a role in biotic stress, an aspect that would be attractive to 
investigate in the future.  
The late embryogenesis abundant (LEA) proteins belong to the group of genes repressed by 
HTR6. The function of LEA genes in vegetative plant tissues is largely unknown, despite the fact 
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that it has been reported a possible role in desiccation tolerance and that they are present in a high 
variety of cell compartments (Candat et al., 2014). Nevertheless, a link between HTR6 function 
and LEA proteins has yet to be uncovered.  As mentioned before, this emphasizes our theory that 
HTR6 could function in a similar way as H2A.Z, behaving as an activator or repressor depending 
where the histone is incorporated in the target gene region.  
Altogether, our results suggest that HTR6 might have an important function as an epigenetic 
factor necessary to reprogram chromatin structure of specific genomic regions associated with 












Fig. 5.3 Model of HTR6 dynamics and function in Arabidopsis root.  Under abiotic stress, HTR6 is 
specifically expressed in a set of epidermal and cortical cells at the transition/elongation zone. The 
normal repressed status of HTR6 gene, characterized by high levels of H3K27me3, is relieved and HTR6 
expression is induced by TFs dependent on ABA signaling. During S-phase but independently of DNA 
replication, HTR6 is incorporated in the nucleosomes by HIRA and/or DEK3 in euchromatin, e.g. 
promoter, TSS or gene body regions of genes. This induces chromatin remodeling that lead to 
modulation of target genes transcription. Finally, this promotes a premature switch from cell 














1. HTR6 encodes a histone H3 variant and is transiently induced in Arabidopsis thaliana plants 
exposed to abscisic acid (ABA) or NaCl, with a peak of expression after 4 hours of exposure. 
2. The promoter region of HTR6 contains the repressive mark H3K27me3. ABA treatment leads 
to an alteration of the chromatin landscape at the HTR6 locus, decreasing the levels of H3K27me3.  
3. In roots, the HTR6 expression domain is restricted to the transition/elongation zone, where 
cells are endocycling, and to the external tissues, such as epidermis and cortex. It is also detected 
in the root cap. 
4. The majority of cells containing HTR6 are undergoing the S-phase of the endocycle but HTR6 
incorporation is independent of CAF-1 indicating that is DNA replication-independent. 
5. HTR6 is deposited into chromatin by the HIRA or DEK chaperones in transcriptionally 
euchromatic regions, enriched in H3K4me3, likely through the conserved H87 and L90 residues 
that mediates HIRA-histone binding in H3.3. HTR6 is excluded from heterochromatin, consistent 
with the presence of T31, which in H3.3, prevents deposition of heterochromatin mark 
H3K27me1 by ATRX5/6.  
6. Unlike H3.1 and H3.3, HTR6 is a target of proteasome degradation.    
7. Some of the residues unique to HTR6 (S6N63V124A132) compared with H3.3, increase HTR6 
turnover. This may be enhanced by the presence of F41, conserved in H3.1 where it favors H3.1 
exchange.  
8. HTR6 is a factor necessary to reprogram chromatin structure in specific genomic regions, 
promoting transcription of cell wall modifiers and lipid metabolism but repressing expression of 
several LEA genes.   
9. Plants lacking HTR6 exhibit higher tolerance to both ABA treatment and high salt 
concentrations. htr6-1 mutants also displayed larger meristems, containing a few more cells, after 
being exposed to ABA treatment for several days. This highlights that HTR6 is an important 








1. HTR6 codifica una variante de histona H3 que se induce de forma transitoria en plantas de 
Arabidopsis thaliana expuestas a ácido absicíco (ABA) o NaCl, con un pico de expresión a 
las 4 horas de exposición. 
2. La región promotora de HTR6 contiene la marca represiva H3K27me3. El tratamiento con 
ABA altera su distribución en el locus de HTR6, disminuyendo los niveles de H3K27me3. 
3. El dominio de expresión de HTR6 en raíces está restringido a la zona de transición/elongación, 
donde las células desarrollan los endociclos, y a los tejidos externos, como la epidermis y a 
corteza. También se detecta en la cofia. 
4. La mayoría de las células que contienen HTR6 se encuentran en la fase S del endociclo, pero 
la incorporación de HTR6 es independiente de CAF-1, lo que indica que es independiente de 
la replicación del ADN. 
5. HTR6 es depositado en la cromatina por las chaperonas HIRA o DEK en regiones 
transcripcionalmente eucromáticas, enriquecidas en H3K4me3, probablemente a través de los 
residuos conservados H87 y L90 que median la unión HIRA-histona en H3.3. HTR6 está 
excluido de la heterocromatina, lo que concuerda con la presencia de T31, que en H3.3 impide 
la deposición de la marca de heterocromatina H3K27me1 por ATRX5/6. 
6. A diferencia de H3.1 y H3.3, HTR6 se degrada por el proteasoma. 
7. Algunos de los residuos únicos de HTR6 (S6N63V124A132) coincidentes con H3.3, aumentan la 
dinámica de HTR6. Esto puede aumentarse por la presencia de F41, que está conservada en 
H3.1 donde favorece el intercambio de H3.1. 
8. HTR6 es un factor necesario para reprogramar la estructura de la cromatina en regiones 
genómicas específicas, promoviendo la transcripción de modificadores de la pared celular y el 
metabolismo de los lípidos, pero reprimiendo la expresión de varios genes LEA. 
9. Las plantas que carecen de HTR6 exhiben una mayor tolerancia tanto al tratamiento con ABA 
como a altas concentraciones de sal. Los mutantes htr6-1 poseen meristemos más grandes, con 
mayor número de células, tras tratamiento con ABA durante varios días. Por tanto, HTR6 es 
un importante componente que contribuye a la respuesta adecuada al estrés abiótico en la raíz 

















Abascal, F., Corpet, A., Gurard-Levin, Z.A., Juan, D., Ochsenbein, F., Rico, D., Valencia, A., 
Almouzni, G. (2013). Subfunctionalization via adaptive evolution influenced by genomic context: 
the case of histone chaperones ASF1a and ASF1b. Mol. Biol. Evol. 30,1853–66. 
Abe, H., Urao, T., Ito, T., Seki, M., Shinozaki, K., Yamaguchi-Shinozaki, K. (2003). Arabidopsis 
AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid 
signaling. Plant Cell 15, 63–78. 
Ach, R.A., Durfee, T., Miller, A.B., Taranto, P., Hanley-Bowdoin, L., Zambryski, P.C., Gruissem, 
W. (1997). RRB1 and RRB2 encode maize retinoblastoma-related proteins that interact with a 
plant D-type cyclin and geminivirus replication protein. Mol Cell Biol 17, 5077-5086. 
Achard, P., Gusti, A., Cheminant, S., Alioua, M., Dhondt, S., Coppens, F., Beemster, G.T.S., 
Genschik, P. (2009). Gibberellin signaling controls cell proliferation rate in Arabidopsis. Current 
Biology 19, 1188–1193. 
Aida, M., Beis, D., Heidstra, R., Willemsen, V., Blilou, I., Galinha, C., Nussaume, L., Noh, Y.S., 
Amasino, R., and Scheres, B. (2004). The PLETHORA genes mediate patterning of the 
Arabidopsis root stem cell niche. Cell 119, 109-120. 
Alexandre, C., Moller-Steinbacha, Y., Schonrocka, N., Gruissema, W., and Henniga, L. (2009). 
Arabidopsis MSI1 Is Required for Negative Regulation of the Response to Drought Stress. 
Molecular Plant. 2,675–687. 
Amiard, S., Charbonnel, C., Allain, E., Depeiges, A., White, C.I., Gallego, M.E. (2010). Distinct 
roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal 
stability in Arabidopsis, Plant Cell 22, 3020–3033. 
Amtmann, A., Armengaud, P. (2009). Effects of N, P, K and S on metabolism: new knowledge 
gained from multi-level analysis, Curr. Opin. Plant Biol. 12, 275–283. 
Anders, S., Pyl, P.T., Huber, W. (2014). HTSeq - A Python framework to work with high-
throughput sequencing data. Bioinformatics 31 (2): 166 - 169. 
Arents, G., Burlingame, R. W., Wang, B. C., Love, W. E. & Moudrianakis, E. N. The nucleosomal 
core histone octamer at 3.1 Å resolution: a tripartite protein assembly and a left-handed 
superhelix. Proc. Natl Acad. Sci. USA 88, 10148–10152 (1991). 
Asensi-Fabado, M.A., Amtmann, A., Perrella, G. (2017). Plant responses to abiotic stress: The 




Ashtiyani, R,K., Moghaddam, A.M., Schubert, V., Rutten, T., Fuchs, J., Demidov, D., Blattner, 
F.R., Houben, A. (2011). 
Balaji, S., Iyer, L.M., and Aravind, L. (2009). HPC2 and ubinuclein define a novel family of 
histone chaperones conserved throughout eukaryotes. Mol Biosyst 5, 269-275. 
Baluška, F., and Mancuso, S. (2013) Root apex transition zone as oscillatory zone. Frontiers in 
plant science 4.  
Baluška, F., Salajac, J., Mathurd, J., Brauna, M., Jaspera, F., Šamajac, J., Chuae, N., Barlow, 
P.W., Volkmanna, D. (2000) Root Hair Formation: F-Actin-Dependent Tip Growth Is Initiated 
by Local Assembly of Profilin-Supported F-Actin Meshworks Accumulated within Expansin-
Enriched Bulges. Developmental Biology 227(2), 618-632. 
Bannister, A.J., Kouzarides, T. (2011). Regulation of chromatin by histone modifications. Cell 
Res 21,381–395. 
Barow, M. (2006). Endopolyploidy in seed plants. BioEssays, 28:271-281. 
Bassermann, F., Eichner, R., and Pagano, M. (2014) The ubiquitin proteasome system – 
Implications for cell cycle control and the targeted treatment of cancer. Biochim Biophys Acta. 
1843, 150-62.  
Bechtold, U. and Field, B. (2018). Molecular mechanisms controlling plant growth during abiotic 
stress. Journal of Experimental Botany 69, 2753–2758. 
Beemster, G.T.S., Baskin, T.I. (1998) Analysis of cell division and elongation underlying the 
developmental acceleration of root growth in Arabidopsis thaliana. Plant Physiol. 116, 1515–26. 
Bellegarde, L., Herbert, L., Séré, D., Caillieux, E., Boucherez, J., Fizames, C., Roudier, F., Gojon, 
A., Martin, A. (2018). Polycomb Repressive Complex 2 attenuates the very high expression of 
the Arabidopsis gene NRT2.1. Scientific Reports 8, 7905. 
Berckmans, B., and De Veylder, L. (2009). Transcriptional control of the cell cycle. Curr Opin 
Plant Biol 12, 599-605. 
Bernstein, E., Hake, S.B. (2006). The nucleosome: a little variation goes a long way. Biochem 
Cell Biol 84,505–517. 
Bhattacharjee, S., Saha, A.K. (2014) Plant water-stress response mechanisms. In: Gaur RK, 
Sharma P, editors. Approaches to Plant Stress and their Management. Springer India. 149–172. 
Bhosale, R., Boudolf, V., Cuevas, F., Lu, R., Eekhout, T., Hu, Z., Van Isterdael, G., Lambert, 
G.M., Xu, F., Nowack, M.K., Smith, R.S., Vercauteren, I., De Rycke, R., Storme, V., Beeckman, 
111 
 
T., Larkin, J.C., Kremer, A., Höfte, H., Galbraith, D.W., Kumpf, R.P., Maere, S., De Veylder, L. 
(2018). A Spatiotemporal DNA Endoploidy Map of the Arabidopsis Root Reveals Roles for the 
Endocycle in Root Development and Stress Adaptation. Plant Cell. 30, 2330-2351. 
Bhosale, R., Maere, S., De Veylder, L. (2019). Endoreplication as a potential driver of cell wall 
modifications. Current Opinion in Plant Biology;51:58–65. 
Blilou, I., Xu, J., Wildwater, M., Willemsen, V., Paponov, I., Heidstra, R., Aida, M., Palme, K., 
Scheres, B. (2005). The PIN auxin efflux facilitator network controls growth and patterning in 
Arabidopsis roots. Nature 433, 39–44. 
Bonenfant, D., Towbin, H., Coulot, M., Schindler, P., Mueller, D. R., Van Oostrum, J. (2007). 
Analysis of dynamic changes in post-translational modifications of human histones during cell 
cycle by mass spectrometry. Mol. Cell. Proteomics 6, 1917–1932. 
Bonvini, P., Zorzi, E., Basso, G., Rosolen, A. (2007). Bortezomib-mediated 26S proteasome 
inhibition causes cell-cycle arrest and induces apoptosis in CD-30+ anaplastic large cell 
lymphoma. Leukemia.;21(4):838-42. 
Borghi, L., Gutzat, R., Futterer, J., Laizet, Y., Hennig, L., and Gruissem, W. (2010). Arabidopsis 
RETINOBLASTOMA-RELATED is required for stem cell maintenance, cell differentiation, and 
lateral organ production. Plant Cell 22, 1792–1811. 
Boudolf, V., Barroco, R., Engler Jde, A., Verkest, A., Beeckman, T., Naudts, M., Inze, D., and 
De Veylder, L. (2004). B1-type cyclin-dependent kinases are essential for the formation of 
stomatal complexes in Arabidopsis thaliana. Plant Cell 16, 945-955. 
Boudsocq, M., Laurière, C. (2005). Osmotic Signaling in Plants: Multiple Pathways Mediated by 
Emerging Kinase Families. Plant Physiology 138, 1185–1194. 
Boudsocq, M., Droillard, M. J., Barbier-Brygoo, H., Laurière, C. (2007). Different 
phosphorylation mechanisms are involved in the activation of sucrose non-fermenting 1 related 
protein kinases 2 by osmotic stresses and abscisic acid. Plant Mol. Biol. 63, 491–503. 
Bourdon, M., Pirrello, J., Cheniclet, C., Coriton, O., Bourge, M., Brown, S., Moı¨se, A., Peypelut, 
M., Rouyère, V., Renaudin, J-P. (2012). Evidence for karyoplasmic homeostasis during 
endoreduplication and a ploidy-dependent increase in gene transcription during tomato fruit 
growth. Development,139:3817-3826. 
Bowman, G.D., Poirier, M.G. (2015). Post-Translational Modifications of Histones That 
Influence Nucleosome Dynamics. Chem Rev. 115(6), 2274–2295. 
112 
 
Breeden, L.L. (2003) Periodic Transcription: A Cycle within a Cycle. Current Biology, 13, 31–
38. 
Cadoret, J.C., Meisch, F., Hassan-Zadeh, V., Luyten, I., Guillet, C., Duret, L., Quesneville, H., 
and Prioleau, M.N. (2008). Genome-wide studies highlight indirect links between human 
replication origins and gene regulation. Proc Natl Acad Sci U S A 105, 15837-15842.  
Campillos, M., García, M.A., Valdivieso, F., and Vázquez, J. (2003). Transcriptional activation 
by AP-2alpha is modulated by the oncogene DEK. Nucleic Acids Res. 31: 1571–1575. 
Candat, A., Paszkiewicz, G., Neveu, M., Gautier, R., Logan, D.C., Avelange-Macherel, M.H. 
(2014). The ubiquitous distribution of late embryogenesis abundant proteins across cell 
compartments in Arabidopsis offers tailored protection against abiotic stress. Plant Cell; 26: 
3148–3166.  
Caperta, A.D., Rosa, M., Delgado, M., Karimi, R., Demidov, D., Viegas, W., Houben, A. (2008). 
Distribution patterns of phosphorylated Thr 3 and Thr 32 of histone H3 in plant mitosis and 
meiosis. Cytogenet Genome Res. 122, 73-9.  
Caro, E., Castellano, M.M., Gutierrez, C. (2007). A chromatin link that couples cell division to 
root epidermis patterning in Arabidopsis. Nature, 447, pp. 213-217. 
Castellano M.M., del Pozo J.C., Ramirez-Parra E., Brown S., Gutierrez C.  (2001). Expression 
and stability of Arabidopsis CDC6 are associated with endoreplication. Plant Cell. 137, 2671–
2686. 
Castellano M.M., Boniotti M .B., Caro E., Schnittger A., Gutierrez C. (2004). DNA replication 
licensing affects cell proliferation or endoreplication in a cell type-specific manner. Plant Cell. 
167, 2380–2393. 
Chaiwanon, J., Wang, Z.Y. (2015) Spatiotemporal brassinosteroid signaling and antagonism with 
auxin pattern stem cell dynamics in Arabidopsis roots. Curr. Biol. 25,1031-1042. 
Chang, B., Chen, Y., Zhao, Y., Bruick, R.K.  (2007). JMJD6 is a histone arginine demethylase, 
Science 318, 444–447. 
Chanvivattana, Y., Bishopp, A., Schubert, D., Stock, C., Moon, Y.H., Sung, Z.R., Goodrich, J. 
(2004). Interaction of Polycomb-group proteins controlling flowering in Arabidopsis. 
Development.131, 5263-76. 
Charbonnel, C., Allain, E., Gallego, M.E., White, C.I. (2011). Kinetic analysis of DNA double-
strand break repair pathways in Arabidopsis. DNA Repair (Amst). 10(6):611-9. 
113 
 
Chen, H., Lai, Z., Shi, J., Xiao, Y., Chen, Z., Xu, X. (2010). Roles of Arabidopsis WRKY18, 
WRKY40 and WRKY60 transcription factors in plant responses to abscisic acid and abiotic 
stress. BMC Plant Biol. 10, 281. 
Churchman, M.L., Brown, M.L., Kato, N., Kirik, V., Hulskamp, M., Inze, D., De Veylder, L., 
Walker, J.D., Zheng, Z., Oppenheimer, D.G., Gwin, T., Churchman, J., Larkin, J.C. (2006). 
SIAMESE, a plant-specific cell cycle regulator, controls endoreplication onset in Arabidopsis 
thaliana. Plant Cell 18, 3145-3157. 
Coleman-Derr, D., Zilberman, D. (2012). Deposition of histone variant H2A.Z within gene bodies 
regulates responsive genes, PLoS Genet. 8, e1002988. 
Cosgrove, DJ. (1993) How do plant cell walls extend? Plant Physiol. 102, 1–6. 
Costas, C., de la Paz Sanchez, M., Stroud, H., Yu, Y., Oliveros, J.C., Feng, S., Benguria, A., 
Lopez-Vidriero, I., Zhang, X., Solano, R., Jacobsen, S.E., Gutierrez, C. (2011). Genome-wide 
mapping of Arabidopsis thaliana origins of DNA replication and their associated epigenetic 
marks. Nature Struc Mol Biol 18, 395-400. 
Cramer, G.R., Urano, K., Delrot, S., Pezzotti M., and Shinozaki, K. (2011). Effects of abiotic 
stress on plants: a systems biology perspective. BMC Plant Biology 11,163. 
Cui, H. (2015) Cortex proliferation in the root is a protective mechanism against abiotic stress. 
Plant Signal Behav. 10(5), e1011949. 
Cutler, S.R., Rodriguez, P.L., Finkelstein, R.R., Abrams, S.R. (2010). Abscisic acid: emergence 
of a core signaling network, Annual Review of Plant Biology 61, 651–679. 
Dawson, M.A., Bannister, A.J., Göttgens, B., Foster, S.D., Bartke, T., Green, A.R., Kouzarides, 
T. (2009) JAK2 phosphorylates histone H3Y41 and excludes HP1alpha from chromatin. Nature. 
461, 819-22. 
De Nooijer, S., Wellink, J., Mulder, B., Bisseling, T. (2009). Non-specific interactions are 
sufficient to explain the position of heterochromatic chromocenters and nucleoli in interphase 
nuclei. Nucleic Acids Res. 37, 3558-3568. 
De Schutter, K., Joubes, J., Cools, T., Verkest, A., Corellou, F., Babiychuk, E., Van Der Schueren, 
E., Beeckman, T., Kushnir, S., Inze, D., De Veylder, L. (2007). Arabidopsis WEE1 kinase 
controls cell cycle arrest in response to activation of the DNA integrity checkpoint. Plant Cell 19, 
211-225. 
De Veylder, L., Larkin, J.C., and Schnittger, A. (2011). Molecular control and function of 
endoreplication in development and physiology. Trends Plant Sci 16, 624-634. 
114 
 
De Veylder, L., Beeckman, T., Beemster, G.T., de Almeida Engler, J., Ormenese, S., Maes, S., 
Naudts, M., Van Der Schueren, E., Jacqmard, A., Engler, G., Inzé, (2002). Control of 
proliferation, endoreduplication and differentiation by the Arabidopsis E2Fa–DPa transcription 
factor. EMBO J. 21, 1360–1368. 
del Pozo, J.C., Diaz-Trivino, S., Cisneros, N., and Gutierrez, C. (2006). The balance between cell 
division and endoreplication depends on E2FC-DPB, transcription factors regulated by the 
ubiquitin-SCFSKP2A pathway in Arabidopsis. Plant Cell 18, 2224-2235. 
Dellino, G.I., Cittaro, D., Piccioni, R., Luzi, L., Banfi, S., Segalla, S., Cesaroni, M., Mendoza-
Maldonado, R., Giacca, M., Pelicci, P.G. (2013). Genome-wide mapping of human DNA-
replication origins: levels of transcription at ORC1 sites regulate origin selection and replication 
timing. Genome Res. 23, 1–11  
Dello Ioio, R., Nakamura, K., Moubayidin, L., Perilli, S., Taniguchi, M., Morita,  M.T., Aoyama, 
T., Costantino, P., and  Sabatini, S.  (2008) A genetic framework for the control of cell division 
and differentiation in the root meristem. Science, 322, 1380-1384. 
DeRisi, J.L., Iyer, V.R., Brown, P.O. (1997) Exploring the metabolic and genetic control of gene 
expression on a genomic scale. Science 278, 680-686. 
Desvoyes, B., Fernandez-Marcos, M., Sequeira-Mendes, J., Otero, S., Vergara, Z., and Gutierrez, 
C. (2014). Looking at plant cell cycle from the chromatin window. Front Plant Sci 5, 369. 
Desvoyes, B., Ramirez-Parra, E., Xie, Q., Chua, N. H. & Gutierrez, C. (2006). Cell type-specific 
role of the retinoblastoma/E2F pathway during Arabidopsis leaf development. Plant Physiol. 140, 
67–80.  
Desvoyes, B., Vergara, Z., Sequeira-Mendes, J., Madeira, S., Gutierrez, C. (2018) A Rapid and 
Efficient ChIP Protocol to Profile Chromatin Binding Proteins and Epigenetic Modifications in 
Arabidopsis. Methods Mol Biol. 8, 1675:71-82. 
Dewitte, W., Riou-Khamlichi, C., Scofield, S., Healy, J.M., Jacqmard, A., Kilby, N.J., Murray, 
J.A. (2003). Altered cell cycle distribution, hyperplasia, and inhibited differentiation in 
Arabidopsis caused by the D-type cyclin CYCD3. Plant Cell. 157, 79–92. 
Dinneny, J.R., Long, T.A., Wang, J.Y., Jung, J.W., Mace, D., Pointer, S., Barron, C., Brady, S.M., 
Schiefelbein, J., and Benfey, P.N. (2008). Cell identity mediates the response of Arabidopsis roots 
to abiotic stress. Science 320: 942–945. 
Dolan, L. Davies, J. (2004) Cell expansion in roots. Current Opinion in Plant Biology 7, 33–39. 
115 
 
Dolan, L., Janmaat, K, Willemsen, V., Linstead, P., Poethig, S., Roberts, K., Scheres, B. (1993) 
Cellular organisation of the Arabidopsis thaliana root. Development. 119, 71–84. 
Donà, M., Scheid, O.M. (2015). DNA Damage Repair in the Context of Plant Chromatin. Plant 
Physiol: 168(4): 1206–1218. 
Drisch, R.C., and Stahl, Y. (2015) Function and regulation of transcription factors involved in 
root apical meristem and stem cell. Frontiers in Plant Science 6,505. 
Du, Y., and Scheres, B. (2018) Lateral root formation and the multiple roles of auxin. Journal of 
Experimental Botany, 69 (2),155–167.  
Duc, C., Benoit, M., Le Goff, S., Simon, L., Poulet, A., Cotterell, S., Tatout, C., Probst, AV. 
(2015). The histone chaperone complex HIR maintains nucleosome occupancy and 
counterbalances impaired histone deposition in CAF‐1 complex mutants. The Plant Journal 
81,707–722. 
Duc, C., Benoit, M., Détourné, G., Simon, L., Poulet, A., Jung, M., Veluchamy, A. Latrasse, D., 
Le Goff, S., Cotterell, S., Tatout, C., Benhamed, M., Probst, A.V. (2017). Arabidopsis ATRX 
Modulates H3.3 Occupancy and Fine-Tunes Gene Expression. The Plant Cell, 29, 1773–1793. 
Dvořáčková, M., Raposo, B., Matula, P., Fuchs, J., Schubert, V., Peška, V., Desvoyes, B., 
Gutierrez, C., Fajkus, J. (2018) Replication of ribosomal DNA in Arabidopsis occurs both inside 
and outside the nucleolus during S phase progression. J Cell Sci. 131(2). 
Eaton, M. L., Prinz, J.A., MacAlpine, H.K., Tretyakov, G., Kharchenko, P.V., MacAlpine, D.M. 
(2011). Chromatin signatures of the Drosophila replication program. Genome Res. 21, 164–174  
Edgar, B.A., Zielke, N. and Gutierrez, C. (2014) Endocycles: a recurrent evolutionary innovation 
for post-mitotic cell growth. Nature reviews. Molecular Cell Biology. 15:197-210) 
Eloy, N.B., de Freitas Lima, M., Ferreira, P.,C.G. and Inzé, D. (2015). The Role of the Anaphase-
Promoting Complex/Cyclosome in Plant Growth. Critical Reviews in Plant Sciences 34, 487-505. 
Etlinger, J.D., Goldberg, A.L. (1977). A soluble ATP-dependent proteolytic system responsible 
for the degradation of abnormal proteins in reticulocytes. Proc Natl Acad Sci USA. 74:54–58. 
Exner, V., Taranto, P., Schonrock, N., Gruissem, W., and Hennig, L. (2006). Chromatin assembly 
factor CAF-1 is required for cellular differentiation during plant development. Development 133, 
4163-4172. 
Fukagawa, T., Earnshaw, W.C. (2014). The centromere: chromatin foundation for the kinetochore 
machinery, Dev. Cell 30 (2014) 496–508. 
116 
 
Fedoroff, N.V., Battisti, D.S., Beachy, R.N., Cooper, P.J., Fischhoff, D.A., Hodges, C.N., Knauf, 
V.C., Lobell, D., Mazur, B.J., Molden, D., Reynolds, M.P., Ronald, P.C., Rosegrant, M.W., 
Sanchez, P.A., Vonshak, A., Zhu, J.K. (2010) Radically rethinking agriculture for the 21st 
century. Science. 327, 833–834. 
Feng, S., Cokus, S.J., Zhang, X., Chen, P.Y., Bostick, M., Goll, M.G., Hetzel, J., Jain, J., Strauss, 
S.H., Halpern, M.E., Ukomadu, C., Sadler, K.C., Pradhan, S., Pellegrini, M., Jacobsen, S.E. 
(2010) Conservation and divergence of methylation patterning in plants and animals. Proc. Natl. 
Acad. Sci. USA 107, 8689-8694. 
Fernandez-Marcos, M., Desvoyes, B., Manzano, C., Liberman, L.M., Benfey, P.N., Del Pozo, 
J.C., and Gutierrez, C. (2017). Control of Arabidopsis lateral root primordium boundaries by 
MYB36. New Phytol 213, 105-112. 
Fernando, V.C.D., and Schroeder, D.F. (2015). Role of ABA in Arabidopsis Salt, Drought, and 
Desiccation Tolerance. Abiotic and Biotic Stress in Plants - Recent Advances and Future 
Perspectives. 22. DOI: 10.5772/61957. 
Finkelstein, R. (2013). Abscisic Acid Synthesis and Response. The Arabidopsis Book. e0166.  
Finkelstein, R.R. (1994). Mutations at two new Arabidopsis ABA response loci are similar to the 
abi3 mutations. Plant J. 5, 765–771. 
Finkelstein, R.R, Gibson, S.I. (2002) ABA and sugar interactions regulating development: cross-
talk or voices in a crowd? Curr Opin Plant Biol. 5, 26-32. 
Finkelstein, R.R., Lynch, T.J. (2000). The Arabidopsis Abscisic Acid Response Gene ABI5 
Encodes a Basic Leucine Zipper Transcription Factor. Plant Cell 12, 599-609. 
Flemming, A.J., Shen, Z.Z., Cunha, A., Emmons, S.W., Leroi, A.M. (2000). Somatic 
polyploidization and cellular proliferation drive body size evolution in nematodes. Proc Natl Acad 
Sci;97:5285–5290. 
Francis, N.J., Kingston, R.E., Woodcock, C.L . (2004). Chromatin compaction by a polycomb 
group protein complex. Science 306, 1574–1577. 
Fransz, P. F., De Jong, J. H., Lysak, M., Castiglione, M. R., and Schubert, I. (2002). Interphase 
chromosomes in Arabidopsis are organized as well defined chromocenters from which 
euchromatin loops emanate. Proc. Natl. Acad. Sci. U.S.A. 99, 14584–14589. 
Fransz, P., Soppe, W., Schubert, I. (2003). Heterochromatin in interphase nuclei of Arabidopsis 
thaliana. Chromosom. Res. 11, 227-240. 
117 
 
Forzani, C., Aichinger, E., Sornay, E., Willemsen, V., Laux, T., Dewitte, W., and Murray, J.A. 
(2014) WOX5 suppresses CYCLIN D activity to establish quiescence at the center of the root 
stem cell niche. Curr Biol 24, 1939-1944. 
Fox, D.T., Duronio, R.J. (2013). Endoreplication and polyploidy: insights into development and 
disease. Development.1;140(1):3-12. 
Fragkos, M., Ganier, O., Coulombe, P., and Mechali, M. (2015). DNA replication origin 
activation in space and time. Nat Rev Mol Cell Biol 16, 360-374. 
Franco-Zorrilla, J.M., Lopez-Vidriero, I., Carrasco, J.L., Godoy, M., Vera, P., and Solano, R. 
(2014). DNA-binding specificities of plant transcription factors and their potential to define target 
genes. Proc Natl Acad Sci U S A 111, 2367-2372. 
Fujii, H., Verslues, P.E., Zhu, J.K. (2007). Identification of Two Protein Kinases Required for 
Abscisic Acid Regulation of Seed Germination, Root Growth, and Gene Expression in 
Arabidopsis. Plant Cell;19(2):485-94. 
Galinha, C., Hofhuis, H., Luijten, M., Willemsen, V., Blilou, I., Heidstra, R., and Scheres, B. 
(2007). PLETHORA proteins as dose-dependent master regulators of Arabidopsis root 
development. Nature 449, 1053-1057. 
Gamble, M.J., and Fisher, R.P. (2007). SET and PARP1 remove DEK from chromatin to permit 
access by the transcription machinery. Nat. Struct. Mol. Biol. 14: 548–555. 
Gan, E.S., Xu, Y., and Ito, T. (2015). Dynamics of H3K27me3 methylation and demethylation in 
plant development. Plant Signaling & Behavior, 10,9. 
Geng, Y., Wu, R., Wee, CW., Xie, F., Wei, X., Chan, P.M., Tham, C., Duan, L., Dinneny, J.R. 
(2013) A spatio-temporal understanding of growth regulation during the salt stress response in 
Arabidopsis. Plant Cell 25, 2132-54. 
Ghassemian, M., Nambara, E., Cutler, S., Kawaide, H., Kamiya, Y., McCourt, P. (2000). 
Regulation of abscisic acid signaling by the ethylene response pathway in Arabidopsis. Plant Cell 
12, 1117–1126. 
Goldberg, A.D., Banaszynski, L.A., Noh, K.M., Lewis, P.W., Elsaesser, S.J., Stadler, S., Dewell, 
S., Law, M., Guo, X., Li, X., Wen, D., Chapgier, A., DeKelver, R.C., Miller, J.C., Lee, Y.L., 
Boydston, E.A., Holmes, M.C., Gregory, P.D., Greally, J.M., Rafii, S., Yang, C., Scambler, P.J., 
Garrick, D., Gibbons, R.J., Higgs, D.R., Cristea, I.M., Urnov, F.D., Zheng, D., and Allis, C.D. 




Gonzalez-Guzman, M., Pizzio, G.A., Antoni, R., Vera-Sirera, F., Merilo, E., Bassel, G.W., 
Fernández, M.A., Holdsworth, M.J., Perez-Amador, M.A., Kollist, H., Rodriguez, P.L. (2012). 
Arabidopsis PYR/PYL/RCAR receptors play a major role in quantitative regulation of stomatal 
aperture and transcriptional response to abscisic acid. Plant Cell ,24(6):2483-96. 
Goodrich, J., Puangsomlee, P., Martin, M., Long, D., Meyerowitz, E.M., Coupland, G. (1997). A 
Polycomb-group gene regulates homeotic gene expression in Arabidopsis. Nature 386, 44–51. 
Grossniklaus, U., Vielle-Calzada, J.P., Hoeppner, M.A., Gagliano, W.B. (1998). Maternal control 
of embryogenesis by MEDEA, a polycomb group gene in Arabidopsis. Science 280, 446–450. 
Groth, A., Corpet, A., Cook, A.J., Roche, D., Bartek, J., Lukas, J., and Almouzni, G. (2007). 
Regulation of replication fork progression through histone supply and demand. Science 318, 
1928-1931. 
Guo, T., Fang, Y. (2014). Functional organization and dynamics of the cell nucleus. Frontiers in 
plant science. 5: 378. 
Gutierrez, C. (2009). The Arabidopsis cell division cycle. In Arabidopsis Book (ASPB), p. 
7:e0120. 
Gutierrez, C., Ramirez-Parra, E., Castellano, M.M., and del Pozo, J.C. (2002). G(1) to S 
transition: more than a cell cycle engine switch. Curr Opin Plant Biol 5, 480-486. 
Gutzat, R., Mittelsten Scheid, O. (2012). Epigenetic responses to stress: triple defense? Curr Opin 
Plant Biol;15(5):568-73 
Hamdoun, S., Zhang, C., Gill, M., Kumar, N., Churchman, M., Larkin, J.C., Kwon, A., and Lu, 
H. (2016). Differential Roles of Two Homologous Cyclin-Dependent Kinase Inhibitor Genes in 
Regulating Cell Cycle and Innate Immunity in Arabidopsis. Plant Physiol. 170, 515–527.  
Hansen, R. S., Thomas, S., Sandstrom, R., Canfield, T.K., Thurman, R.E., Weaver, M., 
Dorschner, M.O., Gartler, S.M., Stamatoyannopoulos, J.A. (2010). Sequencing newly replicated 
DNA reveals widespread plasticity in human replication timing. Proc. Natl Acad. Sci. USA 107, 
139–144.  
Hartig, K., Beck, E. (2005) Crosstalk between auxin, cytokinins and sugars in the plant cell cycle. 
Plant Biology (Stuttgart) 8, 389–396. 
Hauser, F., Waadt, R., Schroeder, J.I. (2011) Evolution of abscisic acid synthesis and signaling 
mechanisms. Curr Biol 21:346–355. 
119 
 
Havlova, K., Dvorackova, M., Peiro, R., Abia, D., Mozgova, I., Vansacova, L., Gutierrez, C. and 
Fajkus, J. (2016). Variation of 45S rDNA intergenic spacers in Arabidopsis thaliana. Plant Mol. 
Biol. 92, 457– 471. 
He, J., Duan, Y., Hua, D., Fan, G., Wang, L., Liu, Y., Chen, Z., Han, L., Qu, L.J., Gong, Z. (2012). 
DEXH box RNA helicase-mediated mitochondrial reactive oxygen species production in 
Arabidopsis mediates crosstalk between abscisic acid and auxin signaling. Plant Cell 24, 1815–
1833. 
Heitz E. (1928). Das Heterochromatin der Moose. I. Jahrb. Wiss. Bot. 69:762–818. 
Henikoff, S., Ahmad, K. (2005). Assembly of variant histones into chromatin. Annu Rev Cell 
Dev Biol 21:133–153. 
Hennig, L., Bouveret, R., Gruissem, W. (2005). MSI1-like proteins: an escort service for 
chromatin assembly and remodeling complexes. Trends in Cell Biology 15, 295–302. 
Hennig, L., Taranto, P., Walser, M., Schonrock, N., and Gruissem, W. (2003). Arabidopsis MSI1 
is required for epigenetic maintenance of reproductive development. Development 130, 2555-
2565. 
Heyman, J., Cools, T., Vandenbussche, F., Heyndrickx, K.S., Van Leene, J., Vercauteren, I., 
Vanderauwera, S., Vandepoele, K., De Jaeger, G., Van Der Straeten, D., De Veylder, L. (2013). 
ERF115 controls root quiescent center cell division and stem cell replenishment. Science 342, 
860-863. 
Ho, L., Crabtree, G.R. (2010). Chromatin remodelling during development. Nature 463, 474–484. 
Hodawadekar, S.C., Marmorstein, R. (2007). Chemistry of acetyl transfer by histone modifying 
enzymes: structure, mechanism and implications for effector design. Oncogene 26,5528-5540. 
Houben A., Demidov D., Caperta A. D., Karimi R., Agueci F., Vlasenko L. (2007). 
Phosphorylation of histone H3 in plants–a dynamic affair. Biochim. Biophys. Acta 1769, 308–
315. 
Houben, A., Demidov, D., Rutten, T., Scheidtmann, K.H. (2005). Novel phosphorylation of 
histone H3 at threonine 11 that temporally correlates with condensation of mitotic and meiotic 
chromosomes in plant cells. Cytogenet Genome Res. 109, 148-55. 
Iyer-Pascuzzi, A.S., Jackson, T., Cui, H., Petricka, J.J., Busch, W., Tsukagoshi, H., Benfey, P.N. 
(2011) Cell identity regulators link development and stress responses in the Arabidopsis root. Dev 
Cell. 21(4): 770–782. 
120 
 
Imai, K. K. Ohashi, Y., Tsuge, T., Yoshizumi, T., Matsui, M., Oka, A., Aoyama, T. (2006). The 
A-type cyclin CYCA2;3 is a key regulator of ploidy levels in Arabidopsis endoreduplication. 
Plant Cell 18, 382–396.  
Ingouff, M., and Berger, F. (2010) Histone3 variants in plants Chromosoma 119, 27–33. 
Ingouff, M., Hamamura, Y., Gourgues, M., Higashiyama,T., Berger, F. (2007). Distinct dynamics 
of HISTONE3 variants between the two fertilization products in plants. Curr Biol 17: 1032–1037.  
Ingouff, M., Rademacher, S., Holec, S., Soljic, L., Xin, N., Readshaw, A., Foo, S.H., Lahouze, 
B., Sprunck, S., and Berger, F. (2010). Zygotic Resetting of the HISTONE 3 Variant Repertoire 
Participates in Epigenetic Reprogramming in Arabidopsis Current Biology 20, 2137–2143. 
Inze, D., and De Veylder, L. (2006). Cell cycle regulation in plant development. Annu Rev Genet 
40, 77-105. 
Ivanov, V.B. (1997). Relationship between cell proliferation and transition to elongation in plant 
roots. Int. J. Dev. Biol. 41: 907-915. 
Jacob, Y., Bergamin, E., Donoghue, M.T., Mongeon, V., LeBlanc, C., Voigt, P., Underwood, 
C.J., Brunzelle, J.S., Michaels, S.D., Reinberg, D., Couture, J.F., and Martienssen, R.A. (2014). 
Selective methylation of histone H3 variant H3.1 regulates heterochromatin replication. Science 
343, 1249-1253. 
Jenuwein, T., Allis, C.D. (2001), Translating the histone code. Science 293, 1074–1080. 
Jiang, D., and Berger, F. (2017). Histone variants in plant transcriptional regulation.  Biochimica 
et Biophysica Acta 1860,123–130. 
Jiang, D., Wang, Y., Wang, Y., He, Y. (2008) Repression of FLOWERING LOCUS C and 
FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive Complex 2 Components. 
PLoS One 3, e3404. 
Jin, C., Felsenfeld, G. (2007). Nucleosome stability mediated by histone variants H3.3 and 
H2A.Z, Genes Dev. 21, 1519–1529. 
Jin, C., Zang, C., Wei, G., Cui, K., Peng, W.,  Zhao, K.,  Felsenfeld, G. (2009). H3.3/H2A.Z 
double variant-containing nucleosomes mark ‘nucleosome-free regions’ of active promoters and 
other regulatory regions, Nat. Genet. 41, 941–945. 
Johnson, R.E., Klassen, R., Prakash, L., Prakash, S. (2015). A Major Role of DNA Polymerase δ 
in Replication of Both the Leading and Lagging DNA Strands. Mol Cell.16;59(2):163-175. 
121 
 
Johnson, L., Mollah, S., Garcia, B.A., Muratore, T.L., Shabanowitz, J., Hunt, D.F. and Jacobsen, 
S.E. (2004). Mass spectrometry analysis of Arabidopsis histone H3 reveals distinct combinations 
of post-translational modifications. Nucleic Acids Research 32,6511–6518. 
Jullien, P.E., Mosquna, A., Ingouff, M., Sakata, T., Ohad, N., and Berger, F. (2008). 
Retinoblastoma and its binding partner MSI1control imprinting in. Arabidopsis. PLoS Biol. 6. 
Kamakaka, R.T., Biggins, S. (2005). Histone variants: deviants? Genes Dev. 19: 295–310. 
Kappes, F., Waldmann, T., Mathew, V., Yu, J., Zhang, L., Khodadoust, M.S., Chinnaiyan, A.M., 
Luger, K., Erhardt, S., Schneider, R., and Markovitz, D.M. (2011). The DEK oncoprotein is a 
Su(var) that is essential to heterochromatin integrity. Genes Dev. 25: 673–678. 
Karimi-Ashtiyani, R., Ishii, T., Niessen, M., Stein, N., Heckmann, S., Gurushidze, M., Banaei-
Moghaddam, A.M., Fuchs, J., Schubert, V., Koch, K., Weiss, O., Demidov, D., Schmidt, K., 
Kumlehn, J., Houben, A. (2015). Point mutation impairs centromeric CENH3 loading and induces 
haploid plants. Proc Natl Acad Sci U S A. 112, 11211-6. 
Kaszás, E., and Cande, W.Z. (2000) Phosphorylation of histone H3 is correlated with changes in 
the maintenance of sister chromatid cohesion during meiosis in maize, rather than the 
condensation of the chromatin. J Cell Sci. 113, 3217-26. 
Kaya, H., Shibahara, K.I., Taoka, K.I., Iwabuchi, M., Stillman, B., and Araki, T. (2001). 
FASCIATA genes for chromatin assembly factor-1 in arabidopsis maintain the cellular 
organization of apical meristems. Cell 104, 131-142. 
Kawashima, T., Lorkovic, Z.J., Nishihama, R., Ishizaki, K., Axelsson, E., Yelagandula, R., 
Kohchi, T., Berger, F. (2015). Diversification of histone H2A variants during plant evolution. 
Trends Plant Sci. 20: 419–425. 
Kim, D., Langmead, B., Salzberg, S.L. (2015). HISAT: a fast spliced aligner with low memory 
requirements. Nature Methods 12: 357–360. 
King, I.F., Francis, N.J., Kingston, R.E. (2002). Native and recombinant polycomb group 
complexes establish a selective block to template accessibility to repress transcription in vitro. 
Molecular Cell Biology 22, 7919–7928. 
Kinoshita, T., Harada, J.J., Goldberg, R.B., Fischer, R.L. (2001). Polycomb repression of 
flowering during early plant development. Proc Natl Acad Sci USA. 98, 14156-14161. 
Kirik, A., Pecinka, A., Wendeler, E., Reiss, B. (2006). The chromatin assembly factor subunit 
FASCIATA1 is involved in homologous recombination in plants. Plant Cell 18, 2431–2442.  
122 
 
Kiyosue, T., Ohad, N., Yadegari., R., Hannon, M., Dinneny, J., Wells, D., Katz, A., Margossian, 
L., Harada, J.J., Goldberg, R.B., Fischer, R.L. (1999). Control of fertilization-independent 
endosperm development by the MEDEA polycomb gene in Arabidopsis. Proceedings of the 
National Academy of Sciences, USA 96, 4186–4191. 
Kleinmanns, J.A., Schatlowski, N., Heckmann, D., Schubert, D. (2017). BLISTER Regulates 
Polycomb-Target Genes, Represses Stress-Regulated Genes and Promotes Stress Responses in 
Arabidopsis thaliana. Frontiers in Plant Science. 8:1530. 
Kniewel, R., Murakami, H., Liu, Y., Ito, M., Ohta, K., Hollingsworth, N.M., Keeney, S (2017). 
Histone H3 threonine 11 phosphorylation is catalyzed directly by the meiosis-specific kinase 
Mek1 and provides a molecular readout of Mek1 activity in vivo. Genetics. vol. 207 no. 4 1313-
1333. 
Köhler, C., Hennig, L., Bouveret, R., Gheyselinck, J., Grossniklaus, U., Gruissem, W. (2003). 
Arabidopsis MSI1 is a component of the MEA/FIE Polycomb group complex and required for 
seed development EMBO J., 22, 4804-4814. 
Kollist, H., Zandalinas, S.I., Sengupta, S., Nuhkat, M., Kangasjärvi, J., Mittler, R. (2019). Rapid 
Responses to Abiotic Stress: Priming the Landscape for the Signal Transduction Network. Trends 
in PlantScience, Vol.24,No.1. 
Kong, X., Lu, S., Tian, H., Ding, Z. (2015) WOX5 is Shining in the Root Stem Cell Niche. Trends 
in Plant Science 20. 
Kong, X., Liu, G., Liu, J., Ding, Z. (2018) The Root Transition Zone: A Hot Spot for Signal 
Crosstalk. Trends in Plant Science 23.  
Kujirai, T., Horikoshi, N., Sato, K., Maehara, K., Machida, S., Osakabe, A., Kimura, H., Ohkawa 
Y., Kurumizaka, H. (2016). Structure and function of human histone H3.Y nucleosome. Nucleic 
Acids Research;Vol. 44, No. 13 6127–6141. 
Kumar, S.V., Wigge, P.A. (2010). H2A.Z-containing nucleosomes mediate the thermosensory 
response in Arabidopsis, Cell 140, 136–147.  
Lai, C.P., Huang, L.M., Chen, L.O., Chan, M.T., Shaw, J.F. (2017). Genome-wide analysis of 
GDSL-type esterases/lipases in Arabidopsis. Plant Mol Biol;95(1-2):181-197. 
Lammens, T., Boudolf, V., Kheibarshekan, L., Zalmas, L.P., Gaamouche, T., Maes, S., 
Vanstraelen, M., Kondorosi, E., La Thangue, N.B., Govaerts, W., Inzé, D., De Veylder, L. (2008). 
Atypical E2F activity restrains APC/CCCS52A2 function obligatory for endocycle onset. Proc. 
Natl Acad. Sci. USA 105, 14721–14726.  
123 
 
Lazaro, A., Gomez-Zambrano, A., Lopez-Gonzalez, L., Pineiro, M., Jarillo, J.A. (2008). 
Mutations in the Arabidopsis SWC6 gene, encoding a component of the SWR1 chromatin 
remodelling complex, accelerate flowering time and alter leaf and flower development, J. Exp. 
Bot. 59, 653–666. 
Leatham-Jensen, M., Uyehara, C.M., Strahl, B.D., Matera, A.G., Duronio, R.J., McKay, D.J. 
(2019). Lysine 27 of replication-independent histone H3.3 is required for Polycomb target gene 
silencing but not for gene activation. PLOS Genetics, doi.org/10.1371/journal.pgen.1007932. 
Leonard, A. C., and Méchali, M. (2013). DNA replication origins. Cold Spring Harb. Perspect. 
Biol. 5, a010116.  
Lermontova, I., Schubert, V., Fuchs, J., Klatte, S., Macas, J., and Schubert, I. (2006). Loading of 
Arabidopsis centromeric histone CENH3 occurs mainly during G2 and requires the presence of 
the histone fold domain. Plant Cell 18, 2443-2451. 
Lewis, P.W., Elsaesser, S.J., Noh, K.M., Stadler, S.C., and Allis, C.D. (2010). Daxx is an H3.3- 
specific histone chaperone and cooperates with ATRX in replication-independent chromatin 
assembly at telomeres. Proc Natl Acad Sci U S A 107, 14075-14080. 
Leyser, H.M.O., Furner, I. J. (1992). Characterisation of three shoot apical meristem mutants of 
Arabidopsis thaliana. Development 116, 397-403. 
Li, X., Chen, L., Forde, B.G., Davies, W.J. (2017) The biphasic root growth response to abscisic 
acid in Arabidopsis involves interaction with ethylene and auxin signalling pathways. Front Plant 
Sci. 8, 1493. 
Li, F., Wang, L., Zhang, Z., Li, T., Feng, J., Xu, S., Zhang, R., Guo, D., Xue, J. (2019). ZmSMR4, 
a novel cyclin-dependent kinase inhibitor (CKI) gene in maize (Zea mays L.), functions as a key 
player in plant growth, development and tolerance to abiotic stress. Plant Sci. 280, 120-131. 
Liberman, L.M., Sparks, E.E., Moreno-Risueno, M.A., Petricka, J.J., and Benfey, P.N. (2015). 
MYB36 regulates the transition from proliferation to differentiation in the Arabidopsis root. Proc 
Natl Acad Sci U S A. 
Liu, J., Deng, S., Wang, H., Ye, J., Wu, H.W., Sun, H.X., Chua, N.H. (2016). CURLY LEAF 
Regulates Gene Sets Coordinating Seed Size and Lipid Biosynthesis. Plant Physiol 171, 424–436. 
Liu, W.C. and Carns, H.R. (1961). Isolation of abscisin, an abscission accelerating substance. 
Science  134, 384–385. 
Liu, S., Lv, Z., Liu, Y., Li, L., Zhang, L. (2018) Network analysis of ABA-dependent and ABA-
independent drought responsive genes in Arabidopsis thaliana. Genet Mol Biol. 41(3): 624–637.  
124 
 
Love, M.I., Huber, W., Anders, S. (2014). Moderated estimation of fold change and dispersion 
for RNA-seq data with DESeq2. Genome Biology, 15, 550. 
Lu, L., Chen, X., Qian, S., and Zhong, X. (2018). The plant-specific histone residue Phe41 is 
important for genome-wide H3.1 distribution. Nature Communications 9, 630. 
Luger, K., Mäder, A., Richmond, R., Sargent, D. and Richmond, T. (1997). Crystal structure of 
the nucleosome core particle at 2.8 Å resolution. Nature 389, 251–260.  
MacAlpine, D. M., and Almouzni, G. (2013). Chromatin and DNA replication. Cold Spring Harb. 
Perspect. Biol. 5 a010207. 
Magyar, Z., De Veylder, L., Atanassova, A., Bakó, L., Inzé, D., Bögre, L. (2005) The role of the 
Arabidopsis E2FB transcription factor in regulating auxin-dependent cell division. Plant Cell. 17, 
2527-41. 
Mahonen, A.P., ten Tusscher, K., Siligato, R., Smetana, O., Diaz-Trivino, S., Salojarvi, J., 
Wachsman, G., Prasad, K., Heidstra, R., and Scheres, B. (2014). PLETHORA gradient formation 
mechanism separates auxin responses. Nature 515, 125-129.  
Malik, H.S., Henikoff, S. (2003). Phylogenomics of the nucleosome. Nat Struct Biol 10,882–891. 
Manzanero, S., Arana, P., Puertas, M. J., Houben, A. (2000). The chromosomal distribution of 
phosphorylated histone H3 differs between plants and animals at meiosis. Chromosoma 109, 308–
317. 
Masai, H., Matsumoto, S., You, Z., Yoshizawa-Sugata, N., and Oda, M. (2010). Eukaryotic 
chromosome DNA replication: where, when, and how? Annu Rev Biochem 79, 89-130. 
Mathelier, A., Zhao, X., Zhang, A.W., Parcy, F., Worsley-Hunt, R., Arenillas, D.J., Buchman, S., 
Chen, C.Y., Chou, A., Ienasescu, H., Lim, J., Shyr, C., Tan, G., Zhou, M., Lenhard, B., Sandelin, 
A., Wasserman, W.W. (2014). JASPAR 2014: an extensively expanded and updated open-access 
database of transcription factor binding profiles. Nucleic Acids Res 42,D142-147. 
Mattiroli, F., D’Arcy, S., and Luger, K. (2015). The right place at the right time: chaperoning core 
histone variants. EMBO Rep. 16, 1454–1466.  
Mauri, N., Fernández-Marcos, M., Costas, C., Desvoyes, B., Pichel, A., Caro, E., Gutierrez, C. 
(2016). GEM, a member of the GRAM domain family of proteins, is part of the ABA signaling 
pathway. Scientific reports 6, 22660. 
Mechali, M., Yoshida, K., Coulombe, P., and Pasero, P. (2013). Genetic and epigenetic 




Mehdi, S., Derkacheva, M., Ramström, M., Kralemann, L., Bergquist, L., Hennig, L. (2016). The 
WD40 Domain Protein MSI1 Functions in a Histone Deacetylase Complex to Fine-Tune Abscisic 
Acid Signaling. Plant Cell.; 28(1): 42–54. 
Menges, M., de Jager, S.M., Gruissem, W., Murray, J.A. (2005) Global analysis of the core cell 
cycle regulators of Arabidopsis identifies novel genes, reveals multiple and highly specific 
profiles of expression and provides a coherent model for plant cell cycle control. The Plant Journal 
41, 546–566. 
Micol-Ponce, R., Sánchez-García, A.B., Xu, Q., Barrero, J.M., Micol, J.L., Ponce, M.R. (2015). 
Arabidopsis INCURVATA2 Regulates Salicylic Acid and Abscisic Acid Signaling, and 
Oxidative Stress Responses. Plant Cell Physiol. 56, 2207-19. 
Miyashima, S., and Keiji Nakajima, K. (2011) The root endodermis: A hub of developmental 
signals and nutrient flow. Plant Signal Behav. 6(12),1954–1958. 
Mojardin, L., Vazquez, E., Antequera, F. (2013). Specification of DNA replication origins and 
genomic base composition in fission yeasts. J. Mol. Biol. 425, 4706–4713. 
Moraes, I., Casas-Mollano, J.A. (2014). Histone H3 Phosphorylation in Plants and Other 
Organisms. In: Epigenetics in Plants of Agronomic Importance: Fundamentals and Applications. 
Springer, doi.org/10.1007/978-3-319-07971-4_4. 
Moubayidin, L., Perilli, S., Dello, R.I., Mambro, R.D., Costantino, P., and Sabatini, S. (2010) The 
Rate of Cell Differentiation Controls the Arabidopsis. Current Biology 20, 1138–1143. 
Mozgova, I., Mokros, P., and Fajkus, J. (2010). Dysfunction of chromatin assembly factor 1 
induces shortening of telomeres and loss of 45S rDNA in Arabidopsis thaliana. Plant Cell 22, 
2768-2780. 
Muchova, V., Amiard, S., Mozgova, I., Dvorackova, M., Gallego, M.E., White, C. and Fajkus, J. 
(2015). Homology‐dependent repair is involved in 45S rDNA loss in plant CAF‐1 mutants. Plant 
J. 81, 198– 209. 
Muñoz-Viana, R., Wildhaber, T., Trejo-Arellano, MS., Mozgová, I., Hennig, L. (2017). 
Arabidopsis Chromatin Assembly Factor 1 is required for occupancy and position of a subset of 
nucleosomes. The Plant Journal 92:363–374. 
Nakagawa, T., Suzuki, T., Murata, S., Nakamura, S., Hino, T., Maeo, K., Tabata, R., Kawai, T., 
Tanaka, K., Niwa, Y., et al. (2007). Improved Gateway binary vectors: high-performance vectors 




Nie, X., Wang, H., Li, J., Holec, S., and Berger, F. (2014). The HIRA complex that deposits the 
histone H3.3 is conserved in Arabidopsis and facilitates transcriptional dynamics. Biol Open 3, 
794-802. 
Ohashi-Ito, K., Fukuda, H. (2010) Transcriptional regulation of vascular cell fates. Curr Opin 
Plant Biol. 13, 670–76. 
Olins, A. L., and Olins, D. E. (1973). Spheroid chromatin units (v bodies) Science 183, 330-2. 
Ono, T., Kaya, H., Takeda, S., Abe, M., Ogawa, Y., Kato, M., Kakutani, T., Mittelsten Scheid, 
O., Araki, T., and Shibahara, K. (2006). Chromatin assembly factor 1 ensures the stable 
maintenance of silent chromatin states in Arabidopsis. Genes Cells 11, 153-162. 
Otero, S., Desvoyes, B., Gutierrez, C. (2014). Histone H3 Dynamics in Plant Cell Cycle and 
Development. Cytogenet Genome Res 143, 114-24. 
Otero, S., Desvoyes, B., Peiró, R., and Gutierrez, C. (2016). Histone H3 Dynamics Reveal 
Domains with Distinct Proliferation Potential in the Arabidopsis Root. The Plant Cell, Vol. 28, 
1361–1371. 
Pacifici, E., Polverari, L. and Sabatini, S. (2015). Plant hormone cross-talk: the pivot of root 
growth. Journal of Experimental Botany 66, 1113-1121. 
Park, J. A., Ahn, J.W., Kim, Y.K., Kim, S.J., Kim, J.K., Kim, W.T., Pai, H.S. (2005). 
Retinoblastoma protein regulates cell proliferation, differentiation, and endoreduplication in 
plants. Plant J. 42, 153–163  
Pavelescu, I., Vilarrasa-Blasi, J., Planas-Riverola, A., González-García, M.P., Caño-Delgado, 
A.I., and Ibañes, M. (2018) A Sizer model for cell differentiation in Arabidopsis thaliana root 
growth. Molecular Systems Biology 14, e7687. 
Pavlistova, V., Dvorackova, M., Jez, M., Mozgova, I., Mokros, P. and Fajkus, J. (2016). 
Phenotypic reversion in fas mutants of Arabidopsis thaliana by reintroduction of FAS genes: 
variable recovery of telomeres with major spatial rearrangements and transcriptional 
reprogramming of 45S rDNA genes. Plant J. 88, 411– 424. 
Pchelintsev, N. A., McBryan, T., Rai, T. S., van Tuyn, J., Ray-Gallet, D., Almouzni, G. and 
Adams, P. D. (2013). Placing the HIRA histone chaperone complex in the chromatin landscape. 
Cell Rep 3, 1012-1019. 
Pecinka, A., Dinh, H.Q., Baubec, T., Rosa, M., Lettner, N., Mittelsten-Scheid, O. (2010). 
Epigenetic regulation of repetitive elements is attenuated by prolonged heat stress in Arabidopsis. 
Plant Cell. 22(9):3118-29. 
127 
 
Petersen, B.O., Wagener, C., Marinoni, F., Kramer, E.R., Melixetian, M., Lazzerini Denchi, E., 
Gieffers, C., Matteucci, C., Peters, J.M., and Helin, K. (2000). Cell cycle- and cell growth-
regulated proteolysis of mammalian CDC6 is dependent on APC-CDH1. Genes Dev 14, 2330-
2343. 
Petersson, S. V., Johansson, A. I., Kowalczyk, M., Makoveychuk, A., Wang, J. Y., Moritz T., 
Grebe, M., Benfey, P.N., Sandberg, G., and Ljung, K. (2009). An auxin gradient and maximum 
in the Arabidopsis root apex shown by high-resolution cell-specific analysis of IAA distribution 
and synthesis. Plant Cell 21, 1659–1668. 
Petricka, J.J., Winter, C.M., and Benfey, P.N. (2012). Control of Arabidopsis root development. 
Annu Rev Plant Biol 63, 563-590. 
Polo, S.E., Almouzni, G. (2006). Chromatin assembly: a basic recipe with various flavours. Curr 
Opin Genet Dev. 16, 104-11. 
Probst, A.V., Mittelsten Scheid, O. (2015). Stress-induced structural changes in plant chromatin. 
Curr Opin Plant Biol;27:8-16. 
Promchuea, S., Zhu, Y., Chen, Z., Zhang, J., Gong, Z. (2017). ARF2 coordinates with 
PLETHORAS and PINs to orchestrate ABA-mediated root meristem activity in Arabidopsis. 
JIPB. 2017;59(1):30–43. 
Rahni, R., Efroni, I., D. Birnbaum, K.D. (2016) A Case for Distributed Control of Local Stem 
Cell Behavior in Plants. Developmental cell. 38 (6):635-642. 
Ramirez-Parra, E., and Gutierrez, C. (2007). E2F regulates FASCIATA1, a chromatin assembly 
gene whose loss switches on the endocycle and activates gene expression by changing the 
epigenetic status. Plant Physiol 144, 105-120. 
Ravi, M., Shibata, F., Ramahi, J.S., Nagaki, K., Chen, C., Murata, M., Chan, S.W. (2011). Meiosis 
specific loading of the centromere-specific histone CENH3 in Arabidopsis thaliana, PLoS Genet. 
7, e1002121. 
Ray-Gallet, D., Quivy, J. P., Scamps, C., Martini, E. M., Lipinski, M. and Almouzni, G. (2002). 
HIRA is critical for a nucleosome assembly pathway independent of DNA synthesis. Mol. Cell 
9, 1091-1100. 




Ricketts, M. D., Frederick, B., Hoff, H., Tang, Y., Schultz, D.C., Singh Rai, T., Grazia Vizioli, 
M., Adams, P.D., Marmorstein, R. (2015) Ubinuclein-1 confers histone H3.3-specific-binding by 
the HIRA histone chaperone complex. Nat. Commun. 6, 7711.  
Robinson, J.T., Thorvaldsdóttir H., Winckler, W., Guttman, M., Lander, E.S., Getz, G., Mesirov, 
J.P. (2011). Integrative Genomics Viewer. Nature Biotechnology 29: 24 – 26. 
Rosa, S. (2018). Measuring Dynamics of Histone Proteins by Photobleaching in Arabidopsis 
Roots. Plant Chromatin Dynamics, Chapter 26. 
Rosa, S., and Shaw, P. (2013). Insights into Chromatin Structure and Dynamics in Plants. Biology 
2, 1378-1410. 
Rossetto, D., Avvakumov, N., Cote, J. (2012). Histone phosphorylation: a chromatin modification 
involved in diverse nuclear events. Epigenetics 7, 1098–1108. 
Rutowicz, K., Puzio, M., Halibart-Puzio, J., Lirski, M., Kotliński, M., Kroteń, M.A., Knizewski, 
L., Lange, B., Muszewska, A., Śniegowska-Świerk, K., Kościelniak, J., Iwanicka-Nowicka, R., 
Buza, K., Janowiak, F., Żmuda, K., Jõesaar, I., Laskowska-Kaszub, K., Fogtman, A., Kollist, H., 
Zielenkiewicz, P., Tiuryn, J., Siedlecki, P., Swiezewski, S., Ginalski, K., Koblowska, M., 
Archacki, R., Wilczynski, B., Rapacz, M., Jerzmanowski, A. (2015). A Specialized Histone H1 
Variant Is Required for Adaptive Responses to Complex Abiotic Stress and Related DNA 
Methylation in Arabidopsis. Plant Physiol. 169, 2080-101. 
Roudier, F., Fedorova, E., Lebris, M., Lecomte, P., Gyorgyey, J., Vaubert, D., Horvath, G., Abad, 
P. Kondorosi, A., and Kondorosi, E. (2003) The Medicago species A2-type cyclin is auxin 
regulated and involved in meristem formation but dispensable for endoreduplication-associated 
developmental programs. Plant Physiology 131, 1091–1103. 
Rowe, J.H., Topping, J.F., Liu, J., and Lindsey, K. (2016). Abscisic acid regulates root growth 
under osmotic stress conditions via an interacting hormonal network with cytokinin, ethylene and 
auxin. New Phytologist 211, 225–239. 
Roy, S., Das, K.P. (2017). Homologous Recombination Defective Arabidopsis Mutants Exhibit 
Enhanced Sensitivity to Abscisic Acid. PLoS One. 3;12(1):e0169294. 
Ryan, E., Steer, M., Dolan, L. (2001) Cell biology and genetics of root hair formation in 
Arabidopsis thaliana. Protoplasma 215,140-9. 
Sabatini, S., Heidstra, R., Wildwater, M., Scheres, B. (2003). SCARECROW is involved in 
positioning the stem cell niche in the Arabidopsis root meristem service SCARECROW is 




Sammons, M., Wan, S.S., Vogel, N.L., Mientjes, E.J., Grosveld, G., and Ashburner, B.P. (2006). 
Negative regulation of the RelA/p65 transactivation function by the product of the DEK proto-
oncogene. J. Biol. Chem. 281: 26802–26812. 
Sánchez, A., Sharma, S., Rozenzhak, S., Roguev, A., Krogan, N.J., Chabes, A., Russell, P. (2012). 
Replication fork collapse and genome instability in a deoxycytidylate deaminase mutant. Mol 
Cell Biol 32, 4445-54. 
Sánchez-Calderón, L., Ibarra-Cortés, M.E., Zepeda-Jazo, I. (2013). Root Development and 
Abiotic Stress Adaptation. DOI: 10.5772/55043 
Sarkar, A. K., Luijten, M., Miyashima, S., Lenhard, M., Hashimoto, T., Nakajima, K., Scheres, 
B., Heidstra, R., and Laux, T. (2007). Conserved factors regulate signalling in Arabidopsis 
thaliana shoot and root stem cell organizers. Nature 446, 811–814. 
Sawatsubashi, S., Murata, T., Lim, J., Fujiki, R., Ito, S., Suzuki, E., Tanabe, M., Zhao, 
Y., Kimura, S., Fujiyama, S., Ueda, T., Umetsu, D., Ito, T., Takeyama, K., Kato, S. (2010). A 
histone chaperone, DEK, transcriptionally coactivates a nuclear receptor. Genes Dev. 24: 159–
170. 
Saze, H., and Kakutani, T. (2011) Differentiation of epigenetic modifications between 
transposons and genes. Curr. Opin. Plant Biol. 14, 81-87. 
Scheres, B., Wolkenfelt, H., Willemsen, V., Terlouw, M., Lawson, E., Dean, C. (1994) 
Embryonic origin of the Arabidopsis primary root and root meristem initials. Development 120, 
2475–87.  
Scholes, D.R., Paige, K.N. (2015). Plasticity in ploidy: a generalized response to stress. Trends 
Plant Sci: 20:165-175. 
Schonrock, N., Exner, V., Probst, A., Gruissem, W., and Hennig, L. (2006). Functional genomic 
analysis of CAF-1 mutants in Arabidopsis thaliana. J Biol Chem 281, 9560-9568. 
Schubert, D., Clarenz, O., Goodrich, J. (2005). Epigenetic control of plant development by 
Polycomb-group proteins. Curr Opin Plant Biol. 8, 553-561. 
Schurter, B.T., Koh, S.S., Chen, D., Bunick, G.J., Harp, J.M., Hanson, B.L., Henschen-Edman, 
A., Mackay, D.R., Stallcup, M.R., Aswad, D.W. (2001). Methylation of histone H3 by 
coactivator-associated arginine methyltransferase 1. Biochemistry 40:5747-5756. 
Schwartz, B. E., Ahmad, K. (2005). Transcriptional activation triggers deposition and removal of 
the histone variant H3.3. Genes Dev. 19, 804–814. 
130 
 
Sequeira-Mendes, J., Araguez, I., Peiro, R., Mendez-Giraldez, R., Zhang, X., Jacobsen, S.E., 
Bastolla, U., and Gutierrez, C. (2014). The Functional Topography of the Arabidopsis Genome 
Is Organized in a Reduced Number of Linear Motifs of Chromatin States. Plant Cell 26, 2351-
2366 
Sequeira-Mendes, J., and Gutierrez, C. (2015). Links between genome replication and chromatin 
landscapes. Plant J 83, 38-51. 
Sequeira-Mendes, J., and Gutierrez, C. (2016). Genome architecture: from linear organisation of 
chromatin to the 3D assembly in the nucleus Chromosoma  125.455–469.   
Sequeira-Mendes, J., Vergara, Z., Peiro, R., Morata, J., Araguez, I., Costas, C., Mendez Giraldez, 
R., Casacuberta, J,M., Bastolla, U., Gutierrez, C. (2019). Differences in firing efficiency, 
chromatin and transcription underlie the developmental plasticity of the Arabidopsis DNA 
replication origins. Genome Res. doi: 10.1101/gr.240986.118. 
Shang, Y., Yan, L., Liu, Z. Q., Cao, Z., Mei, C., Xin, Q., Wu, F.Q., Wang, X.F., Du, S.Y., Jiang, 
T., Zhang, X.F., Zhao, R., Sun, H.L., Liu, R., Yu, Y.T., Zhang, D.P. (2010). The Mg-chelatase H 
subunit of Arabidopsis antagonizes a group of WRKY transcription repressors to relieve ABA-
responsive genes of inhibition. Plant Cell 22, 1909–1935. 
Shi, Y., Lan, F., Matson, C., Mulligan, P., Whetstine, J.R., Cole, P.A., Casero, R.A. (2004). 
Histone demethylation mediated by the nuclear amine oxidase homolog LSD1, Cell 119, 941–
953. 
Shi, L., Wang, J., Hong, F., Spector, D.L., Fang, Y. (2011). Four amino acids guide the assembly 
or disassembly of Arabidopsis histone H3.3-containing nucleosomes. Proc Natl Acad Sci USA 
108, 10574–10578.  
Simon, L., Voisin, M., Tatout, C., Probst, A.V. (2015). Structure and Function of Centromeric 
and Pericentromeric Heterochromatin in Arabidopsis thaliana. Front Plant Sci. 6, 1049. 
Singh, D., and Laxmi, A. (2015). Transcriptional regulation of drought response: a tortuous 
network of transcriptional factors. Frontiers in Plant Science, 6, 895. 
Singh, R., Parihar, P., Mishra, R.K., Tripathi, D.K., Singh, V.P., Chauhan, D.K., Prasad, S.M. 
(2016) Reactive Oxygen Species (ROS): Beneficial Companions of Plants’ Developmental 
Processes. Front Plant Sci 7, 1299. 
Smith, S., Stillman, B. (1989). Purification and characterization of CAF-I, a human cell factor 
required for chromatin assembly during DNA replication in vitro. Cell. 58, 15-25. 
131 
 
Solovei, I., Grandi, N., Knoth, R., Volk, B., Cremer, T. (2004) Positional changes of 
pericentromeric heterochromatin and nucleoli in postmitotic Purkinje cells during murine 
cerebellum development. Cytogenet. Genome Res. 105, 302-310. 
Sozzani, R., Cui, H., Moreno-Risueno, M. A., Busch, W., Van Norman, J. M., Vernoux, T., 
Brady, S.M., Dewitte, W., Murray, J.A. H., and Benfey, P.N. (2010). Spatiotemporal regulation 
of cell-cycle genes by SHORTROOT links patterning and growth. Nature 466, 128–132. 
Strahl,B.D. and Allis,C.D. (2000) The language of covalent histone modifications. Nature, 403, 
41–45. 
Stahl, Y., Wink, R.H., Ingram, G.C., Simon, R. (2009) A signaling module controlling the stem 
cell niche in Arabidopsis root meristems. Curr Biol. 19, 909–14. 
Stroud, H., Otero, S., Desvoyes, B., Ramirez-Parra, E., Jacobsen, S.E., Gutierrez, C. (2012). 
Genome-wide analysis of histone H3.1 and H3.3 variants in Arabidopsis thaliana. Proc Natl Acad 
Sci USA 109, 5370–5375. 
Sugimoto, N., Kitabayashi, I., Osano, S., Tatsumi, Y., Yugawa, T., Narisawa-Saito, M., 
Matsukage, A., Kiyono, T., and Fujita, M. (2008). Identification of novel human Cdt1-binding 
proteins by a proteomics approach: proteolytic regulation by APC/CCdh1. Mol Biol Cell 19, 
1007-1021. 
Sullivan, A.M., Arsovski, A.A., Lempe, J., Bubb, K.L., Weirauch, M.T., Sabo, P.J. et al. (2014) 
Mapping and dynamics of regulatory DNA and transcription factor networks in A. thaliana. Cell 
Rep. 8(6):2015-2030. 
 
Sun, F.L., Cuaycong, M.H., Elgin, S.C. (2001). Long-range nucleosome ordering is associated 
with gene silencing in Drosophila melanogaster pericentric heterochromatin. Mol. Cell. Biol. 21, 
2867-2879. 
Sun, L.R., Wang, Y. B., He, S.B., and Hao, F.S. (2018). Mechanisms for Abscisic Acid Inhibition 
of Primary Root Growth, Plant Signaling & Behavior 13, e1500069. 
Tachiwana, H., Osakabe, A., Shiga, T., Miya, Y., Kimura, H., Kagawa, W., Kurumizaka, H. 
(2011) Structures of human nucleosomes containing major histone H3 variants. Acta Crystallogr 
D Biol Crystallogr 67 578-583. 
Tagami, H., Ray-Gallet, D., Almouzni, G., and Nakatani, Y. (2004). Histone H3.1 and H3.3 
complexes mediate nucleosome assembly pathways dependent or independent of DNA synthesis. 
Cell 116, 51-61. 
132 
 
Takahashi, N., Kajihara, T., Okamura, C., Kim, Y., Katagiri, Y., Okushima, Y., Matsunaga, S., 
Hwang, I., and Umeda, M. (2013). Cytokinins control endocycle onset by promoting the 
expression of an APC/C activator in Arabidopsis roots. Curr. Biol. 23, 1812–1817. 
Takahashi, N., Lammens, T., Boudolf, V., Maes, S., Yoshizumi, T., De Jaeger, G., Witters, E., 
Inzé, D., De Veylder, L. (2008) The DNA replication checkpoint aids survival of plants deficient 
in the novel replisome factor ETG1. EMBO J. 27, 1840-51. 
Takahashi, S., Seki, M., Ishida, J., Satou, M., Sakurai, T., Narusaka, M., Kamiya, A., Nakajima, 
M., Enju, A., Akiyama, K., Yamaguchi-Shinozaki, K., Shinozaki, K. (2004). Monitoring the 
expression profiles of genes induced by hyperosmotic, high salinity, and oxidative stress and 
abscisic acid treatment in Arabidopsis cell culture using a full-length cDNA microarray. Plant 
Mol Biol, 56(1):29-55.) 
Takatsuka, H., and Umeda, M. (2014) Hormonal control of cell division and elongation along 
differentiation trajectories in roots. Journal of Experimental Botany, Vol. 65, No. 10, pp. 2633–
2643. 
Talbert, P.B., and Henikoff, S. (2010) Histone variants- Ancient wrap artists of the epigenome. 
Nat. Rev. Mol. Cell Biol. 11, 264-275. 
Tanaka, H., Dhonukshe, P., Brewer, P.B., Friml, J. (2006) Spatiotemporal asymmetric auxin 
distribution: a means to coordinate plant development. Cellular and Molecular Life Sciences 63, 
2738–2754. 
Taniguchi, M., Sasaki, N., Tsuge,T., Aoyama, T., and  Oka, A. (2007) ARR1 directly activates 
cytokinin response genes that encode proteins with diverse regulatory functions Plant Cell Physiol 
48, 263-277. 
Tian, Q., Uhlir, N.J., Reed, J.W. (2002)  Arabidopsis SHY2/IAA3 inhibits auxin-regulated gene 
expression Plant Cell, 14, 301-319. 
Thomas, J.O. and Kornberg, R.D. (1975). An octamer of histones in chromatin and free in 
solution. Proc Natl Acad Sci U S A. 72, 2626–2630. 
Todeschini, A.L., Georges, A., Veitia, R.A. (2014). Transcription factors: specific DNA binding 
and specific gene regulation. Trends Genet. 30, 211-9. 
Tsukada, Y., Fang, J., Erdjument-Bromage, H., Warren, M.E., Borchers, C.H., Tempst, P., Zhang, 




Tsukagoshi, H., Busch, W., Benfey, PN. (2010) Transcriptional regulation of ROS controls 
transition from proliferation to differentiation in the root. Cell. 143, 606–16. 
Turatsinze, J.V., Thomas-Chollier, M., Defrance, M., and van Helden, J. (2008). Using RSAT to 
scan genome sequences for transcription factor binding sites and cis-regulatory modules. Nat 
Protoc 3, 1578-1588. 
Turck, F., Roudier, F., Farrona, S., Martin-Magniette, M.L., Guillaume, E., Buisinem, N., Gagnot, 
S., Martienssen, R.A., Coupland, G., Colot, V. (2007). Arabidopsis TFL2/LHP1 specifically 
associates with genes marked by trimethylation of histone H3 lysine 27. PLoS Genet.  3: e86-
10.1371/journal.pgen.0030086. 
Turner, B.M. (2002). Cellular memory and the histone code. Cell, 111, 285–291. 
Ubeda‐Tomás, S., Swarup, R., Coates, J., Swarup, K., Laplaze, L., Beemster, G.T.S., Hedden, P., 
Bhalerao, R., Bennett, M.J. (2008). Root growth in Arabidopsis requires gibberellin/DELLA 
signalling in the endodermis. Nature Cell Biology 10, 625–628. 
Umezawa, T., Hirayama, T., Kuromori, T., Shinozaki. K. (2011). The Regulatory Networks of 
Plant Responses to Abscisic Acid. Advances in Botanical Research. Chapter 6, 57, 201-248. 
Umezawa, T., Nakashima, K., Miyakawa, T., Kuromori, T., Tanokura, M., Shinozaki, K., 
Yamaguchi-Shinozaki, K. (2010). Molecular basis of the core regulatory network in aba 
responses: sensing, signaling and transport. Plant Cell Physiol 51, 1821-1839. 
Vaquero-Sedas, M.I., Vega-Palas, M.A. (2013). Differential association of Arabidopsis telomeres 
and centromeres with histone H3 variants. Sci Rep 3,1202. 
van den Berg, C., Willemsen, V., Hendriks, G., Weisbeek, P., Scheres, B. (1997) Short-range 
control of cell differentiation in the Arabidopsis root meristem. Nature 390,287–89. 
Vandepoele, K., Raes, J., De Veylder, L., Rouze, P., Rombauts, S. and Inze, D. (2002) Genome‐
wide analysis of core cell cycle genes in Arabidopsis. Plant Cell, 14, 903– 916. 
Varas, J., Santos, J.L., Pradillo, M. (2017). The Absence of the Arabidopsis Chaperone Complex 
CAF-1 Produces Mitotic Chromosome Abnormalities and Changes in the Expression Profiles of 
Genes Involved in DNA Repair. Front Plant Sci. 8,525.  
Velappan, Y., Signorelli, S., Considine, M.J. (2017) Cell cycle arrest in plants: what distinguishes 
quiescence, dormancy and differentiated G1? Annals of Botany 120, 495–509. 
Veylder, L.D., Beeckman, T.,  Beemster, G.T.S.,  Krols, L.,  Terras, F.,  Landrieu, I.,  Schueren, 
E.V.D.,  Maes, S.,  Naudts, M.,  Inze, D.  (2001). Functional analysis of cyclin-dependent kinase 
inhibitors of Arabidopsis. The Plant Cell 13, 1653. 
134 
 
Vergara, Z., Sequeira-Mendes, J., Morata, J., Peiró, R., Hénaff, E., Costas, C., Casacuberta, J.M., 
Gutierrez, C. (2017). Retrotransposons are specified as DNA replication origins in the gene-poor 
regions of Arabidopsis heterochromatin. Nucleic Acids Res. 45, 8358-8368.   
Waidmann, S., Kusenda, B., Mayerhofer, J., Mechtler, K., and Jonak, C. (2014). A DEK Domain- 
Containing Protein Modulates Chromatin Structure and Function in Arabidopsis. Plant Cell 26, 
4328-4344. 
Wang, S., Gu, Y., Zebell, S.G., Anderson, L.K., Wang, W., Mohan, R., Dong, X. (2014) A 
noncanonical role for the CKI-RB-E2F cell-cycle signaling pathway in plant effector-triggered 
immunity. Cell Host Microbe 16:787-794. 
Wang, H., Liu, C., Cheng, J., Liu, J., Zhang, L., He, C., Shen, W.H., Jin, H., Xu, L., Zhang, Y. 
(2016). Arabidopsis Flower and Embryo Developmental Genes are Repressed in Seedlings by 
Different Combinations of Polycomb Group Proteins in Association with Distinct Sets of Cis-
regulatory Elements. PLoS Genet 12, e1005771 
Wasilewska A, Vlad F, Sirichandra C, Redko Y, Jammes F, Valon C, Frei dit Frey N, Leung J. 
(2008) An update on abscisic acid signaling in plants and more.... Mol Plant. 1, 198–217. 
Waterborg, J. H. (2012). Evolution of histone H3: emergence of variants and conservation of post-
translational modification sites. Biochem. Cell Biol. 90, 79–95. 
Waterborg, J.H., Robertson, A.J. (1996). Common features of analogous replacement histone H3 
genes in animals and plants. J Mol Evol 43, 194–206. 
Waterworth, W.M., Drury, G.E., Bray, C.M., West, C.E. (2011) Repairing breaks in the plant 
genome: the importance of keeping it together. New Phytologist 192, 805–822. 
Wei, Z., Li, J. (2016) Brassinosteroids Regulate Root Growth, Development, and Symbiosis. Mol 
Plant. 9, 86-100. 
Weingartner, M., Pelayo, H.R., Binarova, P., Zwerger, K., Melikant, B., de la Torre, C., Heberle-
Bors, E., Bogre L. (2003). A plant cyclin B2 is degraded early in mitosis and its ectopic expression 
shortens G2-phase and alleviates the DNA-damage checkpoint. J. Cell Sci. 1167, 487–498. 
Weirauch, M.T., Yang, A., Albu, M., Cote, A.G., Montenegro-Montero, A., Drewe, P., 
Najafabadi,H.S., Lambert, S.A., Mann, I., Cook, K., Zheng, H., Goity, A., van Bakel, H., Lozano, 
J.C., Galli, M., Lewsey, M.G., Huang, E., Mukherjee, T., Chen, X., Reece-Hoyes, J.S., 
Govindarajan, S., Shaulsky, G., Walhout, A.J., Bouget, F.Y., Ratsch, G., Larrondo, L.F., Ecker, 
J.R., and Hughes, T.R. (2014). Determination and inference of eukaryotic transcription factor 
sequence specificity. Cell 158, 1431-1443. 
135 
 
Wiedemann, S.M., Mildner, S.N., Bonisch, C., Israel, L., Maiser, A., Matheisl, S., Straub, T., 
Merkl, R., Leonhardt, H., Kremmer, E., Schermelleh, L., and Hake, S.B. (2010). Identification 
and characterization of two novel primate-specific histone H3 variants, H3.X and H3.Y. J Cell 
Biol 190, 777-791. 
Wollmann, H., Holec, S., Alden, K., Clarke, N.D., Jacques, P.E., Berger, F. (2012) Dynamic 
deposition of histone variant H3.3 accompanies developmental remodeling of the Arabidopsis 
transcriptome. PLoS Genet. 8:e1002658. 
Wollmann, H., Stroud, H., Yelagandula, R., Tarutani, Y., Jiang, D., Jing, L., Jamge, B., Takeuchi, 
H., Holec, S., Nie, X., Kakutani, T., Jacobsen, S.E. and Berger, F. (2017). The histone H3 variant 
H3.3 regulates gene body DNA methylation in Arabidopsis thaliana. Genome Biology 18,94. 
Xiao, T., Kao, C. F., Krogan, N. J., Sun, Z. W., Greenblatt, J. F., Osley, M. A., Strahl, B.D. (2005). 
Histone H2B ubiquitylation is associated with elongating RNA polymerase II. Mol. Cell. Biol. 25 
637–651. 
Xu, J., Gao, G., Du, J., Guo, Y., Yang, C. (2010). Cell Cycle modulation in response of the 
primary root of Arabidopsis to ABA. PAK. J. Bot. 42, 2703-2710. 
Xu, L., Shen, W.H. (2008). Polycomb silencing of KNOX genes confines shoot stem cell niches 
in Arabidopsis. Curr Biol 18: 1966– 1971. 
Yaish, M.W. (2017). Editorial: Epigenetic Modifications Associated with Abiotic and Biotic 
Stresses in Plants: An Implication for Understanding Plant Evolution. Front Plant Sci.; 8: 1983. 
Yang, L., Zhang, J., He, J., Qin, Y., Hua, D., Duan, Y., Chen, Z., Gong, Z. (2014) ABA-mediated 
ROS in mitochondria regulate root meristem activity by controlling PLETHORA expression in 
Arabidopsis. PLoS Genet. 10,e1004791. 
Yoshida, T., Mogami, J., and Yamaguchi-Shinozaki, K. (2014). ABA-dependent and ABA-
independent signaling in response to osmotic stress in plants. Current Opinion in Plant Biology 
21,133–139. 
Zemach, A., McDaniel, I.E., Silva, P., Zilberman, D. (2010). Genome-wide evolutionary analysis 
of eukaryotic DNA methylation. Science 328, 916-919. 
Zhang, X., Germann, S., Blus, B.J., Khorasanizadeh, S., Gaudin, V., Jacobsen, S.E. (2007). The 
Arabidopsis LHP1 protein colocalizes with histone H3 Lys27 trimethylation. Nat Struct Mol Biol. 
14: 869-871. 10.1038/nsmb1283. 
136 
 
Zhang, K., Gao, Y., Li, J., Burgess, R., Han, J., Liang, H., Zhang, Z., Liu, Y. (2016). A DNA 
binding winged helix domain in CAF-1 functions with PCNA to stabilize CAF-1 at replication 
forks. Nucleic Acids Research, 44, 5083–5094. 
Zhou, Y., Wang, Y., Krause, K., Yang, T., Dongus, J.A., Zhang, Y., Turck, F. (2018). Telobox 
motifs recruit CLF/SWN–PRC2 for H3K27me3 deposition via TRB factors in Arabidopsis. 
Nature Genetics | VOL 638 50 | MAY 2018 | 638–644 
Zhu, J.K. (2016). Abiotic stress signaling and responses in plants. Cell 167, 313–324. 
Zhu, Y., Dong, A., Shen, W.H. (2013). Histone variants and chromatin assembly in plant abiotic 
stress responses. Biochimica et Biophysica Acta 1819, 343–348.) 
Zhu, Y., Weng, M., Yang, Y., Zhang, C.,  Li, Z.,  Shen, W-H., Dong, A. (2011). Arabidopsis 
homologues of the histone chaperone ASF1 are crucial for chromatin replication and cell 
proliferation in plant development. Plant J. 66, 443-55. 
Zhu, B., Zheng, Y., Pham, A. D., Mandal, S. S., Erdjument-Bromage, H., Tempst, P., Reinberg, 
D. (2005). Monoubiquitination of human histone H2B: the factors involved and their roles in 
HOX gene regulation. Mol. Cell 20, 601–611. 
Zilberman, D., Coleman-Derr, D., Ballinger, T., Henikoff, S. (2008). Histone H2A.Z and DNA 
methylation are mutually antagonistic chromatin marks, Nature 456, 125–129. 
Zink, L.M., Delbarre, E., Christian, H.E., Keilhauer, E.C., Onisch, C.B., P¨unzeler, S., Bartkuhn, 
M., Collas, P., Mann, M., Hake, S.B. (2017). H3.Y discriminates between HIRA and DAXX 
chaperone complexes and reveals unexpected insights into human DAXX-H3.3-H4 binding and 
deposition requirements. Nucleic Acids Research;Vol. 45, No. 10 5691–5706 
Web references 
http://www.90ways.com 
http://www.chromdb.org/ 
 
 
 
